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For Pain 


AY PHARMACOLOGIC CLASSIFICATION — ANALGOMYLAXANT 


Analexin is a new class of drug. . . the first analgomylaxant. It is a new 
synthetic chemical inherently possessing two different pharmacologic prop- 
erties: (1) Analexin produces general analgesia by raising the pain thresh- 
old, thus decreasing the perception of pain, and (2) it affords muscle 
relaxation by selectively depressing subcortical brain stem and _poly- 
synaptic transmission (interneuronal blockade), abolishing abnormal muscle 
tone without impairing normal neuromuscular function. Thus in painful 
states, because pain generates tensions which in turn add to the pain, 
Analexin can relieve the total pain experience more effectively. 


AY ADVANTAGES 


Effective general non-narcotic relief of pain. The analgesic potency of one 
tablet of Analexin is clinically equivalent to 1 gr. of codeine, but Analexin 
is non-narcotic and nonhabituating. Tolerance to the drug has not been 
noted. Muscle relaxant action of Analexin is equal to the most potent oral 
muscle relaxant available. Thus in painful states the pain and tension 
which may exacerbate the pain are abolished simultaneously to effectively 
abate the total pain experience. 


AY INDICATIONS 


Analexin is indicated for the relief of pain and associated muscle tension in: 
dysmenorrhea; abdominal distress; genitourinary conditions; tension head- 
aches; gout; dry socket pain, etc.; for the relief of musculoskeletal spasm and 
pain in: low back pain, myalgia, sprains and strains; glass arm; wry neck; 
osteoarthritis. 

Analexin-AF is used for relief of pain and musculoskeletal tension associated 
with inflammatory processes and/or fever as in: arthritis, arthralgia, bursitis, 
tendinitis, myalgia of strain and tear; and pre- and postoperative toothache. 


AY COMPOSITION 


Each Analexin tablet contains 200 mg. of phenyramidol hydrochloride 
2-(8-hydroxyphenethylamino)-pyridine hydrochloride. 

Each Analexin-AF tablet contains 100 mg. of phenyramidol and 300 mg. of 
aluminum aspirin. 


A/ HOW SUPPLIED 


Analexin and Analexin-AF Tablets are available in bottles of 100 tablets. 


AY DOSAGE 


Analexin—1 or 2 tablets every 4 hours. In dysmenorrhea, 2 tablets at onset of 
pain; then one tablet every 2-4 hours as needed. 


Analexin-AF—Two tablets every 4 hours or as required. 


AY PRODUCER 
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---an enlarged selection of 


Research Quality radiochemicals including 


thirty-eight new tritium compounds 


Dozens of new carbon-14 compounds and a complete 
new line of tritium compounds are included in 
the new radiochemical Schedule E 
now available from Nuclear-Chicago. 
These new compounds offer you the 


combined advantages of guaranteed 





purity, economy, fast delivery, and 





widest selection of package sizes— 





factors which have made Nuclear-Chicago the 
world’s leading supplier of “Research Quality” 
radioactive reagents. 

Our new radiochemical Schedule E lists over 150 
carbon-14 compounds normally available for 
immediate delivery and hundreds of other 
compounds—carbon-14, sulfur-35, phosphorus-32, 
and the new tritium compounds, available 
on 30-45 day basis. 

We would be pleased to send you a copy of 
Schedule E—which also contains descriptions and 
prices of high intensity beta and gamma sources, 


standards, reference sources, and radionuclide sets. 





Just ask for “Radiochemical Schedule E”. 





nuclear-chicago 


CORPORATION 


329 E.Howard Ave.:+ Des Plaines, /I/I, 
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JOSIAH MACY, JR. FOUNDATION 


Announces two new books 





POLYSACCHARIDES IN BIOLOGY 
Transactions of the Fourth Conference 
Edited by Georg F. Springer, William Pepper Laboratory of Clinical Medicine 
University of Pennsylvania School of Medicine 


Chondroitin sulfates, the biology of chondroitin sulfates, heparin and related substances, the 
mast cell, biosynthesis of sulfated polysaccharides, synthetic nonbiological sulfated polysaccharides, 
and sulfated polysaccharides of plants (carrageenans), are topics under discussion in this volume. 


306 pages, 90 illustrations, 52 tables, index oc cccmecsnsssmmmnnenemnnen fe E . $5.95 


GESTATION 


Transactions of the Fifth Conference 
Edited by Claude A. Villee, Department of Biological Chemistry 
Harvard Medical School 
In the final volume in this series, discussion centers around the biology of the placenta, circulation 
in the placenta, venous drainage from the uterus, and genetic factors in prolonged gestation. 
264 pages, !12 illustrations, 2 color plates, 13 tables, index Pelee nee 


JOSIAH MACY, JR. FOUNDATION PUBLICATIONS 
16 WEST 46th STREET, NEW YORK 36, NEW YORK 


Please make checks payable to Josiah Macy, Jr. Foundation 
A catalog of all transactions in print will be sent upon request 











KILL GERMS 


with 
DEPENDABLE BUT NOT EXPENSIVE 


ed U R i N A | The Handi-Hot Plate costs only $16 and is used by 


thousands of laboratories for all types of heating tasks 


D where dependability counts. Here, you see it being used 
A N T at The Paint Research Center of the Glidden Company to 
boil 60% NaOH in which chemical resistant film is being 


H tested. The hot plate is a little battered by this tough 
Solution costs only a penny wear but is still boiling merrily away. 


a allon! coe your It can serve you every day too. Thermostatically con- 
trolled and built to last, the Handi-Hot Plate will provide 


P U R I N A D E A L E R ’ Ss temperatures from 110° to 600°F. Write for more details 


and the name of your nearest stocking distributor. 


SINCE 1920 

see ee ee 3725 West Cortland St. precision [AN] 
Chicago 47, Ill. SCIENTIFIC CO. 

me a if a _ | | @ | Local Offices in Chicago « Cleveland « Houston 


New York « Philadelphia ¢ San Francisco 














pl, 000, 0) measurements 


in blood in one minute with 


new], L. METER 


I. L. Meter currently in use at 
leading hospitals and laboratories. 


The I. L. Meter, a chopper stabilized, TRANSISTORIZED 
D.C. amplifier with accompanying bath, has been developed 
to complement the pCO, and pO, electrodes designed by 
Dr. John Severinghaus. The meter assures reliability and 
accuracy up to the full capacity of the electrode system. 


An efficiently designed four-position switch enables fast 
selection of desired electrodes. The same switch permits the 
mercury batteries to be calibrated against a Weston standard 
cell, thus allowing for a check and correction, at any time, 
for the zero drift of the unit. This procedure may be accom- 
plished without changing the balance already attained by a 
standard buffer. An indicator for simple checking of the 
membrane on the pCO, and pO, electrodes is also provided. 


Write for new, free, 
comprehensive brochure. 


See I. L. Meter in operation at Federation Meeting. 


1. Transistorized 


2. Insures maximum accuracy 


+.002 pH units 
+.25% pO. 
+.4mm Hg pCO. 


. Saves valuable time 
. Requires limited space 


>. Delivers years of 


trouble-free service 


FREE TRIAL PERIOD 
The I. L. Meter is available to 
you on a 10-day trial period 
without cost or obligation. 


I. L. Meter guaranteed for one year. 


Factory trained persomnel available 
to service Meter. 


INSTRUMENTATION LABORATORY, INC. 


Dept. A 121 Jersey Street, Boston, Massachusetts 





Artificial 
Respiration 
Pump for 

Small Mammals 


Catalog Number 607 


The 607 is a compact, piston-type ventilation 
pump. Its wide range of rates and volumes 
makes it suitable for cats, dogs and other small 
mammals. Due to electronically-controlled var- 
iable speed motor, rates can be changed step- 
lessly while in operation. Motor and control 
box are protected by overload relay reset switch. 
Three-way slide valve provides separate ports 
for inspiration and expiration with a minimum 
of dead space. Negative pressure may be ap- 
plied at exhaust port, or expired air may be 
collected or recycled. Pump is mounted on 
solid aluminum casting 8” x 18” x 10”,  fin- 
ished in gray Hammertone lacquer. All parts 
are nickel-plated. 


SPECIFICATIONS 


Volume: adjustable up to 750 cc. 

Rates: 5-50 strokes/min. continuously adjust 
able 

Motor: 1/15 H.P., 115 volt operation 

Control Box: Variac and rectifier combination 
with calibrated speed dial 

Valves: flutter type of neoprene-impregnated 
nylon 

Pump: nickeled brass with neoprene piston rings 


$450.00—f.0.b. Dover, Mass. 


Data Sheet and New Catalog available on request 


HARVARD APPARATUS CoO., IMC. - Dover, Mass., U.S.A. 


(a non-profit organization) 





NOW OVER 5100 


CHEMICALS 


© Diphenylhydroxylamine 

@ Diphenyline 

@ Diphenylphosphoryl Chloride 

@ Diphosphoglyceric Acid (Penta- 
barium Salt) 

®@ »,7'-Dipyridyl Hydrochloride 

@ 4,4'-Dipiperidyl 

@ 2,2’-Diquinoly] 

@ s-Distearin 

@ Dithiodiglycol 

@ «,8-Dithiopropionic Acid 

@ Dithioresorcinol 

®@ Dithiosalicylic Acid 

@ Dithiothymine 

@ Dithiouracil 

@ Dithranol 

@ Di-p-tolylmercury 

@ Divinylsulfone 

@ Dodecylpiperidine Stearate 

@ Durenediamine 

@ Durenol (2,3,5,6-Tetramethyl- 


phenol) Ask for our new 
complete catalogue 


Laboratories, Ine. 


60th St. New York 23 N.Y 
Plazo 7-817] 


17 West 





WANTED 


Back Issues of 


THE JOURNAL OF 
CLINICAL INVESTIGATION 


January, July, (Pt. I), September, 
through December, 1955 


January through December, 1956 
July, 1959 


75¢ per copy and postage 


For particulars write to 
The Journal of Clinical 
Investigation 
Business Office 
333 Cedar Street 
New Haven 11, Conn. 














IT HAPPENED THIS MONTH... 


a glance at yesterday in relation to today 


IN FEBRUARY—(1910) —further work is published! concerning comparative 
metabolism of purines. H. G. Wells reports that Rhesus liver possesses uricolytic 
activity, thus resembling the liver of lower animals rather than of man. On the 
other hand. monkey liver also contains xanthine oxidase, in this respect being 


similar to man’s liver. 


For modern students of purine metabolism, Schwarz BioResearch supplies a 
long list of purine bases, purine nucleosides and purine nucleotides. Our catalog 
(send for your copy) shows 28 purine compounds labeled with C'+, P?? and H’. 


IN FEBRUARY—(1959) —Science carries a note concerning the effect of thy- 
roxin on the speed of incorporation of C'-labeled leucine into protein.* Thyroxin 
pretreatment in vivo and thyroxin in vitro both increased the rate of synthesis. 
This increased activity following in vivo pretreatment was found localized in 
the mitochondrial fraction. It is suggested that acceleration of metabolic rate by 
thyroxin may be secondary to stimulation of the rate of endergonic reactions, 


such as protein synthesis. 


C'4-labeled leucine is only one of the many C''-labeled amino acids (and purines 


and pyrimidines and sugars) available from Schwarz BioResearch and listed in 


our catalog. 


IN FEBRUARY—(1930)—an experimental difficulty is resolved. Levene and 
coworkers*® now identify the carbohydrate of thymonucleic acid as d-desoxy- 
ribose. The subject desoxypentose and its benzylphenylhydrazone show the 
same optical rotation as does synthetic desoxyribose and its benzylphenylhy dra- 
zone. This corrects a report in which the compounds were shown to differ. It is 


suggested that the sugar reported on last year may have been impure. 


Today it is a comparatively simple matter to obtain pure sugars and sugar 
phosphates. A wide variety of pentoses, hexoses, their phosphate and diphos- 
phate esters, triose phosphates, and related compounds, plain and radiolabeled, 
is available from Schwarz BioResearch to help you get accurate, reproducible 


results. 


1. Wells, H. G.: The purine metabolism of the monkey. J. Biol. Chem. 7:171 (Feb.) 1910. 2. Sokoloff, L., and 
Kaufman, S.: Effects of thyroxin on amino acid incorporation into protein. Science 129:569 (Feb. 27) 1959, 
3. Levene, P. A.; Mikeska, L. A., and Mori, T.: On the carbohydrate of thymonucleic acid. J. Biol. Chem. 85:785 
(Feb.) 1930. 


SCHWARZ BIORESEARCH, INC. + Dept. 2G - Mount Vernon, New York 


BIOCHEMICALS + RADIOCHEMICALS + PHARMACEUTICALS for research, for medicine, for industry 
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Designed to serve as a review of the field 
over the past decade, an introduction, and 
an orientation and refresher for those work- 
ing in this area. The book evaluates and 
documents progress in this fast-moving field 


and correlates it with what has gone before. 





LIPIDE CHEMISTRY 


By Donato J. Hananwan, University of Washington, with chapters by 
Frank R. N. Gurp, Equitable Life Assurance Society of the United States, 
and IrvinG ZaBIN, U.C.L.A. 


Chief emphasis is on the chemical nature of 





lipides—mainly from mammalian sources 
but applicable to many other sources—and 
the difficulties met in establishing with any 
kind of certainty the structure and purity 


of lipides isolated from natural sources. 


1960. 330 pages. $10.00 


SEND NOW FOR YOUR ON-APPROVAL COPY 


JOHN WILEY & SONS, Inc 
440 PARK AVENUE SOUTH, NEW YORK 16, N. Y. 





NEW 
HEATED 
VACUUM 
DESICCATOR 


Now...a combination of features to bring you a most 
versatile lab utility... dries faster ...maintains samples 
at desired temperatures . . . evaporates solvent traces 
rapidly . . . does double-duty as a vacuum oven... plus 
many more uses. 
Combines . . . thermostatically controlled heater . . . 
aluminum interior... enameled steel exterior... Offers 
temperatures up to 125°C . . . lets you pull up to 28” 
of vacuum with complete safety . . . Includes hose con- 
nection, bleed valve, ground flanges and dial thermometer 

. won't chip or break like glass desiccators . . . elimi- 
nates makeshift heating devices. 
Write for Bulletin 608 and the name of your nearest 
stocking distributor. 

SINCE 1920 


PRECISION pS] 
SCIENTIFIC CO. 





3725 West Cortiand St. 
Chicago 47, Ill. 


Local Offices in Chicago « Cleveland « Houston 
New York « Philadelphia ¢ San Francisco 











RARE and FINE ORGANICS 


A few of the thousands of rare stock chemicals 


o-AMINOBIPHENYL 
N-ETHYL MALEIMIDE 
d—GLUCURONIC ACID 
5-HYDROXYINDOLE-3-ACETIC ACID 
5-HYDROXYTRYPTOPHANE 
IMIDAZOLE ACETIC ACID 
e-KETOISOCAPROIC ACID 
a-KETOISOVALERIC ACID 
B-MERCAPTOETHYLAMINE 
PHLORETIN 
o-PHTHALALDEHYDE 
SEROTONIN (Creatinine Sulfate) 


WRITE FOR CATALOG #3 LISTING OVER 12,000 
RARE— 





alkaloids hydrocarbons steroids 
amino acids keto acids sugars 
enzymes Fatty acids purines 
biochem simi peptides carcinogens 


Wi rite Dept. “ 


JN 
COG LABORATORIES. INC. 
\4 


177-10 93rd AVENUE JAMAICA 33, NY 











COULTER 


BLOOD CELL 


COUNTER 


Procedure: Only a tew 
lambdas of blood are required 
for atest. Sample is mixed with 
appropriate diluents for red 
or white counts. After sample 
beaker is placed in position, 
operation of stopcock and 
counting switch automatically 
cycles instrument. Number 
of cells appears on counter. 
After recording count you're 
ready to go on to the next 
sample. 


For full details consult your 
S/P representative or write 
Technical Service Department, 
Scientific Products, 

1210 Leon Place, 

Evanston, Illinois. 
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NOW... make red and white blood cell 
counts electronically, eliminate tedious and 
time-consuming visual counts. 


Get accurate and reproducible results every time with 
the Coulter Blood Cell Counter. The average count in- 
cludes 50,000 cells—equivalent to 100 visual chamber 
counts. Successive readings on a sample agree within 
1%. Cell counts are completed in 25 seconds, plus sam- 
ple dilution time. 

Operation of the Coulter system is based on electrical 
conductivity differences between blood cells and common 
diluents. This principle permits individual cells to be 
counted as measured volume of solution is drawn through 
smail electrically-activated orifice. Relative cell size dis- 
tribution is shown on oscilloscope screen and threshold 
control makes possible accurate plots of this distribution. 


No. 51695—Coulter Blood Cell Counter $3,350.00 





cientific Products 


DIVISION OF AMERICAN HOSPITAL SUPPLY CORPORATION 
GENERAL OFFICES— 1210 LEON PLACE, EVANSTON, ILLINOIS 
Regional Offices: Atlanta - Boston - Chicago - Columbus - Dallas - Kansas City - Los Angeles 


Minneapolis - 


New York - San Francisco - Washington 





ABSTRACTS 

Babson, A.-L., Read, P. A., and Phillips, G. E.: 
The importance of the substrate in assays*of acid 
phosphatase in serum. Am. J. of Clin. Path. 32:1 
83-87, July 1959. 


A comparison is made between six generally 
used substrates for their relative specificity to 
prostatic and erythrocytic acid phosphatase. Re- 
sults showed that a new substrate, alpha-naphthyl 
phosphate, was twice as specific as beta-glycero- 
phosphate and 40-100 times as specific as all 
other substrates investigated. Acid phosphatase 
assays in serum should be specific for that en- 
zyme arising from cancerous prostatic tissue. 
The substrate alpha-naphthy! phosphate* is spe- 
cific for this enzyme. 


Babson, A. L., and Read, P. A.: A new assay for 
prostatic acid phosphatase in serum. Am. J. Clin. 
Path. 32:1, 88-91, July 1959. 


A new and specific method for the determina- 
tion of prostatic acid phosphatase in serum is 
presented. The method is based on the use of a 
new substrate alpha-naphthyl phosphate which 


SR Zadok and 4E a7 measures only prostatic acid phosphatase. The 
O72 £2 al method is simple and rapid to perform with a 

roe sa apo minimum of manipulation. In this procedure the 
By ao le ed - color developed represents prostatic enzyme ac- 
tivity alone. The reagents for this new method 


acento cchalent) - are available in convenient and stable form.* 
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—Ehosphatabs Acid. 


reprints of the original articles are available on request from: 


GENERAL DIAGNOSTICS opwiwision 
WARNER-CHILCOTT Olv. MORRIS PLAINS. N.J. 








INSTRUCTIONS 


Scope: The JourNAL oF CLINICAL INVESTIGATION 
publishes original articles describing research pertaining 
to human physiology and disease. Investigations using 
animal subjects or in vitro techniques are acceptable if 
they yield results which are pertinent in any way to hu- 
man physiology or clinical disease. Preliminary papers 
and progress reports are not ordinarily published. Data 
should not be split into several short papers unless this is 


absolutely essential. Complete single papers will be pre- 


ferred to multiple short manuscripts, each of which is 
incomplete without the accompanying papers. 
articles and philosophical dissertations are not acceptable. 


Review 


In general, papers dealing with physiological processes or 
mechanisms of disease are preferable to purely descriptive 
or methodological papers or case reports. 

Prior Publication: Manuscripts are accepted with the 
understanding that no substantial part has been or will 
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The oxygen consumption of the human fetus is 
believed to be equivalent to that of the adult organ- 
ism and the amount of oxygen available to the 
fetus should be adequate for glycogen degradation 
Although the 
supply of oxygen is satisfactory, an anaerobic 


beyond the lactic acid stage (1, 2). 


breakdown of carbohydrate has been postulated 
because of the persistently elevated lactic acid 
concentration of fetal blood (3). This implies that 
lactic acid, as the end-product of carbohydrate 
metabolism, accumulates in the fetal organism and 
is transferred to the mother in a manner analogous 
to the removal of carbon dioxide and other waste 
products. The recent investigations of Hendricks 
(4) provide data intended to support this hy- 
pothesis. 

The evidence in favor of either form of metabolic 
breakdown ultimately rests upon the demonstra- 
tion of a concentration gradient between maternal 
and fetal blood. Concentration differences, how- 
ever salient they may be, are not alone sufficient 


to prove a transfer from one system to another. 


Carbon'*-labeled compounds would be ideally 
suited for the examination of such problems, but 
their use is restricted to experimental animals. 
Of these, the proper subjects are pregnant pri- 
mates, partly because of the anatomic and physio- 
logic similarity to the human and more pertinently 
because of the accessibility of the primate fetus. 

The present investigations were undertaken to 
demonstrate a) that there is an exchange rather 
than a unidirectional transfer of carbon dioxide and 
lactic acid between fetus and mother and bb) that 
the fetus metabolizes lactic acid at a rate compara- 
ble to that of the adult organism. 


* This investigation was supported by a Grant-in-Aid 
from the National Institutes of Health, Bethesda, Md. 


METHODS 


Physiologic preparations. Pregnant rhesus monkeys at 
term were anesthetized with intravenous Nembutal and 
prepared in the manner previously described (5, 6). By 
means of polyethylene catheters placed in the amniotic 
sac, the interplacental artery and the maternal femoral 
vein, samples of amniotic fluid, fetal and maternal blood 
were obtained at suitable The injection of 
labeled materials dissolved in normal saline was accom- 
plished in the same manner. All samples were collected 
under oil, and clotting of blood was prevented by the 
addition of crystalline heparin. Jn vitro glycolysis was 
inhibited with potassium fluoride. Quantitative analyses 
for acid volatile CO, and lactic acid as well as the prepa- 
ration of gas samples for isotope analyses were carried 
out within a few hours after the collection of samples. 

Analytic procedures. The incidental sodium” and tri- 
tium determinations were carried out as described by 
Friedman, Gray, Hutchinson and Plentl (6). Conven- 
tional methods were used for the quantitative estimations 
of lactic acid (7) and carbon dioxide (8). The carbon 
dioxide necessary for isotope analyses was conveniently 


intervals. 


prepared in the manometric apparatus in the following 
routine manner. 

A) Acid volatile carbon dioxide. The procedure was 
identical with the quantitative manometric method to 
which reference has been made, except for the omission 
of the last step, the reabsorption of carbon dioxide with 
1 N sodium hydroxide. Instead, the crude product con- 
taining a small amount of water and noncondensable gas 
was collected and sealed in a previously evacuated break- 
seal tube attached to the side arm of the chamber. These 
gas samples could be stored for an indefinite length of 
time. 

B) Lactic acid carboxyl carbon. Blood and amniotic 
fluid samples were deproteinized with tungstic acid and 
the supernatant solution treated with copper sulfate and 
lime, as described by Avery and Hastings (9). The 
filtrate, after removal of excess calcium tungstate, was 
introduced into the chamber of the Van Slyke mano- 
metric apparatus where the oxidation of lactic acid was 
accomplished by the addition of permanganate. Stirring 
of the oxidation mixture was continued until a constant 
reading was obtained. The liberated gases were trans- 
ferred to breakseal tubes as described above. 
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C) Carbon™ activity. The breakseal tubes were at- 
tached to a high vacuum train and the gas allowed to ex- 
pand into a series of traps cooled in dry ice and liquid 
nitrogen. An apparatus similar to that described by 
The purified 
carbon dioxide was trapped in a suitable McLeod gauge 
in which 0.001 to 0.010 mmole of gas could be measured 
with an accuracy of at least 2 per cent. The gas samples 
Bernstein-Ballentine 
tubes, a constant quantity of carrier CO, added, and the 
counters filled to atmospheric pressure with methane. 


Glascock (10) was used for this purpose. 


were quantitatively transferred to 


Counting was performed in the proportional region be- 
tween 3,000 and 4,000 v 
specific activity, i.c., counts per minute per millimole. 
Standardization of the equipment out at 
frequent intervals using carbon dioxide prepared from 
a standard sample of barium carbonate. On the basis of 
these calibrations the counters had an efficiency of 64 per 
cent. 


All results were expressed as 


was carried 


Radiocarbon compounds. All radiocarbon compounds 
used in this study were obtained from commercial sources. 
Sodium-p, L-lactate-1-C“, bicarbonate and urea had spe- 
cific activities of 1 mc per mmole. Glucose was uniformly 
labeled and had a specific activity of 0.232 mc per mmole. 
For the biologic experiments the compounds were dis- 
solved in normal saline, preparatory to intravenous 
injection. 

Evaluation of degradation procedures and isotope de- 
terminations. That carbon dioxide obtained by per- 
manganate oxidation of synthetic lactic acid is derived 
from the carboxyl carbon has been shown by Gibbs, 
Dumrose, Bennett and Bubeck (11). The oxidation of 


blood and amniotic filtrates presumably proceeds accord- 


TABLE I 


Tests for interference of lactic acid and bicarbonate 
in amniotic fluid* 


Specific activity 
C/min/mmole X 10*) 
tor 
Lactic 
acid 


Bicar 
bonate 


C' compounds 
added 


86.0 negligible 
82.5 0 


Bicarbonate 


46.0 0 
46.0 0 


Bicarbonate 
Lactic acid-1-C* 5. 0 301 
0 292 


Lactic acid-1-C¥ 
+ bicarbonate 


146 
145 


Glucose (uniformly 2.32 0 
labeled) 


5.0 0 0 


Urea 


* The solutions were prepared with amniotic fluid which 
contained 17.5 mEq of volatile carbon dioxide and 5.3 mEq 


of lactic acid per L. The radioactivity was determined by 
the degradation procedures described in the text. 
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ing to this scheme and no further experimental evidence 
is necessary to substantiate the mechanism: 


OH 


KMnO, 


CH,—C—C“OOH ———> CH,CHO + CO, + H,0. 


H 


It is of importance, however, to demonstrate that the 
specific activity of lactic acid and acid volatile carbon 
dioxide can be determined in mixtures containing both 
and that other organic constituents normally contained 
within these body fluids do not interfere. In order to 
check the specificity of the general procedures, solutions 
of C-labeled organic compounds were prepared using 
amniotic fluid as solvent. Bicarbonate, lactic acid, glucose 
and urea were dissolved in amniotic fluid; each solution 
contained a known quantity of carrier and isotope. These 
solutions and mixtures of them were analyzed for the 
specific activity of carbon dioxide and lactate-1-C“. The 
findings are reproduced in Table I. When bicarbonate 
was the only labeled compound, no activity was detectable 
in the carbon When 
lactic acid was the labeled compound, the acid volatile 


dioxide derived from lactic acid. 


carbon dioxide was devoid of any radioactivity. Radio- 
glucose and urea did not contaminate the carbon dioxide 
derived by either degradation procedure. Dilutions with 
the same solvent led to the anticipated decline in the 
specific activity within the limits of error of the method. 

While the liberation of carbon dioxide from blood and 
amniotic fluid gives a representative sample of gas origi- 
nally present, the oxidation of blood filtrates with per- 
manganate leads to a certain, known error. It can be es- 
timated (9) that about one-tenth of the carbon dioxide 
obtained by permanganate oxidation of blood (but not of 
amniotic fluid) filtrates is derived from substances other 
than the carboxyl carbon of lactic acid. The specific ac 
tivities for lactic acid cart »xyl recorded in these experi- 
ments are therefore consistently low. The specific activi- 
ties of lactate presented in the paper have not been cor- 
rected for the norlactate carbon dioxide. The data on 
specific activities of lactate-1-C™ cannot be correlated 
acid volatile carbon 
propriate corrections are made. 


with dioxide activities unless ap- 


EXPERIMENTAL RESULTS 


C'* bicarbonate injected into the amniotic fluid. 
Fifty wc of isotonic bicarbonate was injected into 
the amniotic fluid of a 4,800 g pregnant rhesus 
monkey. Two hours later, a solution containing 
tritium and sodium** was injected into the fetal cir- 
culation. Samples of maternal blood, amniotic 
fluid and fetal blood were then taken at pre- 
determined intervals. After 280 minutes a cesar- 
ean section was performed and a live 285 g fetus 
was obtained. The specific activity of acid volatile 
carbon dioxide, lactic acid carboxyl, total tritium 
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lic. 1. CHANGES IN SPECIFIC ACTIVITY ( 10°) oF ACID 
VOLATILE CARBON DIOXIDE AS A FUNCTION OF TIME IN MIN- 
UTES AFTER BICARBONATE-C™ INTO 


INJECTION OF SODIUM 


THE AMNIOTIC FLUID. 


and sodium** activity for each of the samples was 
determined by the methods described. The re- 
sults are reproduced graphically in Figure 1 in 
which the specific activity for acid volatile CO, 
in the three compartments is plotted against time. 
No activity could be demonstrated in the CO, ob- 
tained by permanganate oxidation of any of the 
samples. 

The characteristic time-activity curves for so- 
(0) 
mechanisms of the animal were normally opera- 


dium and tritium indicate that the transfer 
tive; it may be assumed that this applied equally 
well to other transfers. Carbon dioxide disap- 
peared from the amniotic fluid and appeared first 
in fetus and then in the mother. Its disappear- 
ance from the amniotic fluid points to a mecha- 
nism slightly more complex than a simple unidi- 
rectional removal since the curve is determined by 
at least two exponents. Fetal and maternal curves 
rise at unequal rates, pass through maxima and 
decline, and eventually all three curves seem to ap- 
proach a similar slope. 

C'* bicarbonate injected into the fetus. Twenty 
pe of isotonic bicarbonate in a total volume of 4.0 
ml was injected into the fetal circulation of a 4,500 g 
rhesus monkey. As in the first experiment, a solu- 
tion containing sodium** and tritium was injected 
into the amniotic fluid to test the efficiency of the 
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transfer mechanisms. Samples of amniotic fluid, 


fetal and maternal blood were taken at suitable in- 


tervals. The experiment was terminated 120 min- 


utes after the initial injection of the tracer. A ce- 
sarean section was performed and a 365 g live fetus 
was obtained. No activity was demonstrated for 
the lactic acid carboxyl carbon in any of the sam- 
ples. The specific activity for acid volatile car- 
bon dioxide as a function of time is given in Fig- 
ure 2, 
decreases rapidly and is associated with an equally 


The specific activity of fetal carbon dioxide 


rapid rise for the amniotic fluid carbon dioxide. 
At 35 minutes the two curves cross, apparently at 
the maximum for the amniotic fluid compartment. 
The maternal carbon dioxide follows a similar pat- 
tern at a considerably lower level. 
Lactate-1-C* injected into the fetus. Two such 
experiments were performed, using 3.0 and 40 pc 
The 
tions were injected into the fetal circulation as in 
The fetuses also re- 


of lactate-1-C'*, respectively. lactate solu- 
the preceding experiment. 
ceived sodium” and tritium. Despite the low dos- 
age, the data obtained in the first experiment were 
found to be sufficiently informative for a prelimi- 
nary evaluation of the specific activity curves for 
fetal lactate-1-C'* and acid volatile CO, in the 
three compartments. The activity for fetal lactic 
acid declined in the form of a double exponential 
curve. Within a few minutes the radioactivity of 
fetal carbon dioxide reached a maximum and there- 
after declined at a constant rate. The activity 
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Fic. 2. CHANGES OF SPECIFIC ACTIVITY (X 10‘) oF AcID 
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Fic. 3. CHANGES OF THE SPECIFIC ACTIVITY (X 10*) 
OF THE CARBOXYL CARBON OF LACTIC ACID (SOLID LINE) 
AND ACiD VOLATILE CARBON DIOXIDE (DOTTED LINE) IN AM- 
FLUID, MATERNAL AND FETAL BLOOD AFTER INJEC- 

LAcTic AciD-1-C™ INTO THE FETAL CIRCULATION. 


NIOTIC 
TION OF 


curve for amniotic fluid CO, rose somewhat more 
slowly, crossed the fetal curve and then declined 
at the same rate as the others. 

In the second experiment, reproduced in Fig- 
ure 3, wherein a more suitable dosage of the radio- 
tracer was employed, the general shape and the 
relative position of these curves could be con- 
firmed. In addition, evidence for the transmission 
of fetal lactate-1-C'* to the maternal organism 
could be obtained. The quantity of carbon diox- 
ide obtained and the radioactivity for all samples 
were within the optimal range for the analytic 
determinations. An appreciable radioactivity 
could now be demonstrated in maternal blood and 
amniotic fluid lactic acid carboxyl carbon. 

Lactate-1-C’* injected into adult nonpregnant 
monkey. Two identical experiments were carried 
out in which 150 uc of lactic acid-1-C'* was in- 
jected into the venous system of normal adult 


nonpregnant female rhesus monkeys weighing 


5,140 and 5,900 g, respectively. Samples of ve- 
nous blood were obtained at frequent intervals up 
to 360 minutes. Acid volatile carbon dioxide and 
the carboxyl carbon of lactic acid were isolated 


from these samples and their specific activities de- 
termined. Since the results of the two experiments 
were nearly identical only one of them is repro- 
duced in Figure 4. The specific activity curves of 
the carboxyl carbon and carbon dioxide closely re- 
semble those of the preceding experiments except 
for the upward displacement of the latter and 
consequent crossing of the curves. 

Lactate -1-C'* injected into maternal organism. 
Two hundred pc of lactic acid-1-C™ was injected 
into the venous system of a 4,520 g pregnant 
rhesus monkey. Samples of amniotic fluid, fetal 
and maternal blood were taken at predetermined 
intervals and analyzed in the manner described 
above. The data are presented graphically in 
Figure 5. The activity of maternal lactic acid 
declined at a rate slightly in excess of that recorded 
for the nonpregnant monkeys. <A_ proportional 
incorporation into the acid volatile carbon dioxide 
is also evident. The fetal lactic acid activity in- 
creased sharply, followed by a decline parallel to 
the maternal curve. The time-activity curves for 
fetal and maternal carbon dioxide were nearly 


identical. 


MINUTES 
40 80 120 160 200 240 


SPECIFIC ACTIVITY (c/min/mM) 


Fic. 4. CHANGES OF SPECIFIC ACTIVITY (xX 10°) oF 


LACTIC ACID CARBOXYL AND ACID VOLATILE CARBON DIOXIDE 
AFTER THE INTRAVENOUS INJECTION OF LACTIC acrp-1-C™* 
NONPREGNANT MONKEY. 


INTO AN ADULT 





LACTIC ACID METABOLISM 


MINUTES 
40 80 120 160 200 


8 


SPECIFIC ACTIVITY (¢/min/mM) 


Fic. 5. CHANGES IN SPECIFIC ACTIVITY (X 10‘) oF 


LACTIC ACID CARBOXYL CARBON (SOLID LINE) AND ACID 
VOLATILE CARBON DIOXIDE (DOTTED LINE) IN AMNIOTIC 
FLUID, MATERNAL AND FETAL BLOOD AFTER INJECTION OF 
LACTIC AcID-C™ INTO THE MATERNAL CIRCULATION. 


DISCUSSION 


The experiments in which labeled bicarbonate 
was introduced lend themselves to a relatively 
simple interpretation of the tracer curves. In 
contrast to the subsequent experiments in which 
labeled lactic acid was used, true metabolic proc- 
esses, i.e., the incorporation of C** into other 


compounds, play only a minor, insignificant role. 


The changes which take place are essentially dis- 
tribution phenomena. 

The injection of bicarbonate into the amniotic 
fluid leads to a uniform distribution within this 
compartment, and almost instantaneous mixing 
can be achieved by mechanical means. Its carbon 
dioxide content, which represents the size of the 
primary compartment, can be determined with 
considerable accuracy, and the theoretic CO, pool 
does not exceed anatomic boundaries. The specific 
activity curve for this compartment (Figure 1) 
can be used to estimate the amount of carbon 
dioxide leaving the amniotic fluid per unit of time. 
The curve is governed by two exponents, 0.0231 
and 0.00825 per minute, which together with the 
integration constants define the fraction of labeled 


carbon dioxide at any time (t) as: 


8359 e— 0.0281 t 
+ 0.1642 0.00825 ¢, 


Fraction of C4O, = 


Differentiating this equation and setting t = 0 
gives the fraction of carbon dioxide leaving the 
amniotic fluid per unit of time: 


— (0.0231) (0.8358) — (0.00825) (0.1642) 
= —0.0207/min. 


The total carbon dioxide content of the amniotic 
fluid in this animal was 2.6 mEq. The amount of 
carbon dioxide leaving the amniotic fluid com- 
partment was therefore (0.0207) (2.6) = 0.05382 
mEq per minute or 3.23 mEq per hour. Since 
there was no measurable change in the concentra- 
tion of volatile carbon dioxide during the period of 
observation, the same quantity of carbon dioxide 
must have been replaced. There is either an ex- 
change with fetus or mother or both, or the CO, is 
produced in the amniotic fluid compartment from 
other, nonisotopic sources. 

When the tracer was injected into the fetal 
blood stream a time-activity curve for the fetal 
compartment was obtained (Figure 2) which 
could also be expressed as a multiple exponential 
equation. Calculation of the disappearance rate 
has less meaning than in the preceding case, be- 
cause the size of the fetal pool and that of second- 
ary compartments is not kaown. Furthermore, 
lack of instantaneous mixing renders the initial 
portion of the curve quite unreliable. Theoreti- 
cally, an analysis of carbon dioxide exchanges simi- 
lar to that reported by Steele (12) could be ap- 
plied to the primate fetus but is not justified on the 
basis of the present data. 

The relationship of the specific activity curves 
obtained in the two experiments should make it 
possible to derive some useful information with re- 
gard to the major transfers in this complex system. 
An examination of a number of theoretic models 
and their comparison with experimental findings 
would exclude some of the many possibilities and 
uphold others. 

The shape of the retention curve for the amni- 
otic fluid (Figure 1) or its mathematical expres- 
sion as a multiple exponential equation implies 
that two or more transfer rates are effective in 
producing this phenomenon. Two unidirectional 
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transfers in sequence or in various combinations of 
exchanges between fetus and mother could be 
entertained as a working hypothesis. A unidirec- 
tional transfer of the type: 


+ Amniotic Fluid ———~> Fetus ———> Mother ——> 


does not apply because injection of the tracer into 
the fetal compartment (Figure 2) gives a set of 
curves compatible only with a transfer from fetus 
to mother and amniotic fluid. Models involving 
a direct pathway from amniotic fluid to mother, 


e.g., 


Amniotic 
Fluid 


a 


Amniotic 
Fluid 
/ . 


- \ Jé 
«—— Mother —— Fetus +«—— Mother Fetus 


aoe 
are excluded by the relative positions of the max- 

ima for the secondary curves of Figure 1. The 
"maximum for the fetal curve occurs sooner (20 
minutes) than that for the maternal curve (180 
minutes). If either of these models was applicable, 
the position of the maxima should have been re- 
versed. In Figure 2, in which the primary com- 
partment was the fetus, the maxima for the sec- 
ondary compartments occur about the same time, 
indicating a simultaneous transfer from fetus to 
mother and from fetus to amniotic fluid. Evidence 
for the existence of a transfer from mother to 
fetus is given in later experiments as will be dis- 
cussed below. 

Thus far, an adequate representation would be 
either of the following models: 


Amniotic 


Fluid 


Amniotic 
Fluid 


— Mother>———Fetus «—— Mother —— Fetus 


of which the first model still includes a direct 
transfer from amniotic fluid to mother. This path- 
way may exist but, in view of the wide difference 
of tmax for maternal and fetal curves of Figure 1, 
its contribution to the removal of CO, from the 
amniotic fluid must be small or nonexistent. 

Both models imply that fetal CO, is the only 
precursor of the carbon dioxide contained in the 
amniotic fluid, a hypothesis that can be tested 
with relative ease. It has been shown theoretically 
(13) that the specific activity of a compound and 
its precursor are equal when the specific activity 
of the former reaches its maximum. As shown in 
Figure 2, the specific activities of amniotic fluid 
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CO, and fetal blood CO, are equal when the former 
had reached its peak. This is only possible if all, 
or nearly all, of the amniotic fluid carbon dioxide 
is derived from the fetus only. A direct transfer 
or exchange with maternal CO, and metabolic 
processes within this compartment probably makes 
minor contributions. 

In the first two experiments, in which only la- 
beled carbon dioxide was used as the primary 
tracer, no radioactivity could be detected in the 
lactic acid carboxyl carbon of any of the samples. 
This moiety of the lactic acid molecule must there- 
fore be synthesized from compounds other than 
carbon dioxide or perhaps it requires a consider- 
ably longer period of time for synthesis. That the 
synthesis and degradation of lactic acid under nor- 
mal conditions is a rapid process is evident from 
the experiments in which lactic acid-1-C** was 1n- 
jected into the vascular tree of adult nonpregnant 
monkeys. As shown in Figure 4, the activity of 
the carboxy! carbon declined at first rather rapidly 
while that of the acid volatile carbon dioxide rose 
at a comparable rate. After the latter had reached 
its maximum, both curves tapered off more slowly, 
presumably approaching a rate representing the 
removal of carbon dioxide in respired air. 

Only racemic lactic acid was used in these ex- 
periments and the curves obtained cannot be used 
for the estimation of the rate of conversion of the 
natural isomer to carbon dioxide. In the subse- 
quent experiments adult and fetal organisms are 
compared in their ability to metabolize and dis- 
tribute the racemic form. 

The injection of labeled lactic acid into the fetal 
blood compartment results in a set of curves (Fig- 
ure 3) for lactic acid carboxyl and carbon dioxide 
similar to those obtained in the adult nonpregnant 
monkey. The curves differ only in the relative 
position of carbon dioxide and lactic acid and the 
evident transfer to mother and amniotic fluid. 
Simultaneously with the decline in specific activity 
of lactic acid carboxyl] there is a rapid rise in the 
activity of fetal carbon dioxide followed by a simi- 
lar increase in the activity of the maternal and 
amniotic fluid compartment. Since the only 
tracer introduced was that originally present in 
fetal lactic acid carboxyl, any activity in the carbon 
dioxide of the three compartments must be de- 
rived from it. The decrease in activity of labeled 
lactic acid is, therefore, both a distribution and 
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a metabolic phenomenon: “metabolic” because 
carbon dioxide appears in fetal blood, and “dis- 
tribution” because some unchanged labeled lactic 
acid appears in the amniotic fluid and in the ma- 
ternal circulation. 

Labeled lactic acid is transmitted from the fetus 
to the amniotic fluid and the maternal pool. The 
fate of the lactic acid in the amniotic fluid is not 
established in this experiment; it may be slowly 
metabolized to carbon dioxide, thus contributing 
to the labeled carbon dioxide in this compartment, 
or it may be exchanged for unlabeled lactic acid 
of maternal or fetal origin. Whether amniotic 
fluid lactic acid is metabolized to carbon dioxide 
within this compartment at an appreciable rate 
cannot be decided with certainty. The maternal 
carbon dioxide, on the other hand, is definitely 
of dual origin—part derived from labeled maternal 
lactic acid and part by direct transmission of fetal 
carbon dioxide. 

The specific activity curves for carbon dioxide 
in the three compartments of the same animal give 
the interlacing pattern shown by the dotted lines in 
Figure 3. Since all radioactivity was derived from 
metabolic processes, the interpretation of these 
curves is quite complex. If no transmission of 
lactate from fetus to mother had occurred and no 
oxidation of maternal lactic acid to carbon dioxide 
had taken place, the relative positions of the max- 
ima for fetal and maternal carbon dioxide would 
indicate which of them is the precursor of the 
other. In view of the demonstrated transfer of 
lactic acid and its catabolism in secondary com- 
partments no such deductions can be made. The 
maxima for the carbon dioxide activity curves oc- 
cur first in fetal, then in maternal, and finally in 
amniotic fluid carbon dioxide. The postulated 
exchange between amniotic fluid and fetus pro- 
duced the expected crossing of the two curves, de- 
spite the fact that fetal carbon dioxide was a sec- 
ondary, metabolic product. 

Maternal venous blood obtained from a major 
vein draining the primary placenta showed an 
exceedingly high specific activity of its lactic acid 
which, after reaching its peak, declined at a rate 
parallel to that of fetal blood. This differs from 
the curve obtained with maternal peripheral blood, 
because the placental vein drains a constant 
amount of lactic acid with a negligible metabolic 
change, while the maternal organism as a whole 
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transforms the lactic acid carboxyl to carbon diox- 
ide. The high specific activity in the vein drain- 
ing the placental pool indicates that most of its 
lactic acid is derived from the fetus. Since ma- 
ternal arterial blood carries appreciable quantities 
of maternal lactic acid to the placental bed, this 
compound must have been exchanged for the same 
species of fetal origin. Its rate of exchange must 
be very rapid in order to account for this phenome- 
non. This notion can be put to a crucial test by in- 
jecting labeled lactic acid into the maternal rather 
than into the fetal circulation. The specific activity 
curves for lactic acid carboxyl and carbon dioxide 
obtained under these conditions are shown in Fig- 
ure 5. The previously suspected transfer of lac- 
tic acid from maternal to fetal systems is demon- 
strated by the sharp rise in fetal lactic acid as the 
activity in the maternal circulation declined. After 
passing through a maximum, the fetal curve ap- 
proaches a slope similar to that of the maternal 
species. This together with the previously dem- 
onstrated conversion to CQO, indicates a similar 
metabolic pattern for adult and fetal organisms. 
The decline in maternal lactic acid activity and the 
corresponding curve for maternal carbon dioxide 
shows a relationship very similar to that obtained 
for the nonpregnant monkey (Figure 4). The 
activity curve for the lactic acid in amniotic fluid 
is not appreciably different from the pattern ob- 
tained when fetal lactic acid is the primary com- 
partment (Figure 3). It is likely, therefore, that 
a direct transfer from mother to amniotic fluid 
does not exist, or if it does its contribution is mini- 
mal. 

The fetal carbon dioxide is now derived from 
maternal and fetal lactic acid as shown by the rela- 
tive position of fetal lactic acid to carbon dioxide 
curves. When fetal lactic acid is the primary 
source of tracer, the metabolic carbon dioxide in 
that compartment has a specific activity below 
that of the carboxyl carbon (Figure 3). In order 
to raise the specific activity to the levels recorded 
in Figure 5, most of the carbon dioxide which 
appears in the fetus must have been transmitted 
from the maternal carbon dioxide pool. The re- 
lationship of fetal and amniotic fluid curves for 
this metabolite (Figure 2) is not disturbed. The 
two curves cross in the predicted region. 

The method of carbon dioxide isolation from 
blood and amniotic fluid does not differentiate be-: 
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Fic. 6. SCHEMATIC PRESENTATION OF THE MAJOR DIS- 
TRIBUTION AND METABOLIC PATHWAYS OF LACTIC ACID 
CARBOXYL AND CARBON DIOXIDE IN THE PREGNANT PRIMATE, 
Dotted arrows indicate endogenous sources. The trans- 
formation of lactic acid to carbon dioxide in the amniotic 
fluid compartment indicated by the small arrow is prob- 
able but not established. 


tween bicarbonate and dissolved carbon dioxide 
in these samples. Although it is likely that dis- 
solved carbon dioxide rather than the bicarbonate 
ion is transmitted across the placental boundary, 
the present experiments do not provide informa- 
tion on this aspect of the transfer mechanism. 
Qualitatively, several pathways have been es- 
tablished, a schematic presentation of which is 
The amniotic fluid carbon 
dioxide exchanges freely with that of the fetal 


given in Figure 6. 


system, whereas a direct transfer from amniotic 
fluid to mother, if it occurs at all, is probably in- 
Carbon dioxide is also transmitted 
from fetus to mother and in the reverse direction at 


significant. 
an unexpectedly rapid rate. A direct incorpora- 
tion of carbon dioxide into the lactic acid does not 
Fetus and mother ex- 
change their lactic acid, while the lactic acid of 


occur in either organism. 


amniotic fluid seems to be largely of fetal origin. 

The transfer of lactic acid from human fetus 
to mother has been investigated by Hendricks (4) 
From the 
difference in the lactic acid concentration of um- 


with the aid of conventional methods. 


bilical arterial and venous blood, the author found 
that an average of 29.63 per cent of fetal lactic acid 
is removed in a single passage through the pla- 
centa. Keeping in mind the species difference and 
method of study, a comparison of this datum with 
the present findings could be made by calculating 
the biologic half-life time for both sets of experi- 
ments. From Hendricks’ data this value can be 


estimated in the following manner. Assuming a 


fetal blood volume of 300 ml and an average lactic 
acid concentration of 25 mg per 100 ml, the fetal 
On 
the basis of the observations of Romney, Reid, 
Metcalfe and Burwell (2), the average blood flow 
is 500 ml per minute. If 30 per cent of the lactic 
acid contained in 500 ml (125 mg) is removed per 
minute, the turnover rate is 50 per cent and its 
half-life time 0.693/0.5 = 1.4 minutes. From the 
initial slope of the activity of fetal lactate in Figure 
3, a half-life time of 15 minutes can be calculated. 
Since this turnover represents the sum of distri- 


blood pool is 25 X 3= 75 mg of lactic acid. 


bution and metabolic rates, the exchange between 
fetus and mother is probably still slower than is 
indicated by a half-life of 15 minutes. 

The present findings are also at variance with 
Hendricks’ interpretation that the difference in 
lactic acid concentration of the products of gesta- 
tion and maternal blood is related to the transfer 
rates or could indicate its origin. A “descending 
gradient” from the highest levels in the amniotic 
fluid to the lowest in maternal peripheral blood 
was thought to indicate that the lactic acid is 
produced by the fetus, extracted by the placenta 
and then transferred to the maternal circulation. 
The concentration of lactic acid in the amniotic 
fluid of human and primate is nearly five times 
higher than that of fetal blood, yet the present 
tracer experiments indicate an appreciable trans- 
fer of lactic acid from fetus to amniotic fluid, i.e., 
against the “gradient.” Although less pronounced, 
the concentration gradient between maternal and 
fetal blood does not seem to prevent a rapid ex- 
change of lactic acid between the two systems. 
Hendricks explained the persistently high concen- 
tration of lactic acid in amniotic fluid as due to 
fetal micturition. The present report points to a 
slow though consistent and continuous exchange 
of lactic acid and carbon dioxide between amniotic 
fluid and fetus. 
were fetal micturition, specific activity curves as 


If the predominant mechanism 
reported here would not be possible. It would 
seem more likely that the presence of lactic acid 
in the maternal organism and in products of ges- 
tation is a transitory phenomenon, and its rela- 
tive concentration is not necessarily related to 
transfer mechanisms. 

The same contradiction must arise on the sub- 
ject of fetal respiration. The various calculations 
of carbon dioxide transport (14) from fetus to 
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mother are fundamentally based on concentration 
gradients which assume the form of pressure dif- 
ferentials. The present demonstration of rapid 
exchanges regardless of concentration levels would 
call for a review of many existing and generally 
accepted explanations of “placental transmission.” 


SUMMARY 


Methods for the determination of the specific 
activity of C**-labeled carbon dioxide and lactic 
acid in blood and in amniotic fluid were devised 
and tested. The transfer and exchange mecha- 
nisms of these compounds were then investigated 
on pregnant primates at term. 

When labeled bicarbonate was injected into the 
amniotic fluid or the fetal circulation, time-activity 
curves for acid volatile carbon dioxide in amniotic 
fluid, fetal and maternal blood were compatible 
with a rapid exchange of carbon dioxide between 
amniotic fluid and fetus. There is a simultaneous 
transfer of carbon dioxide from fetus to mother 
which may represent a net exchange or a uni- 
directional transfer. Within the period of obser- 
vation, no incorporation of labeled carbon dioxide 
into the lactic acid of conceptus or mother could 
be detected. 

The conversion of the lactic acid carboxyl car- 
bon to carbon dioxide was investigated on adult 
nonpregnant monkeys. The lactic acid carboxyl 
was rapidly incorporated into the acid volatile 
carbon dioxide. When lactic acid-1-C'* was in- 
jected into the maternal blood stream, unchanged 
labeled lactic acid and carbon dioxide of maternal 
origin appeared in the fetal blood stream and in the 
amniotic fluid. The retention curves for fetal, 
maternal and nonpregnant adult animals were com- 
parable within the experimental error of the 
method. 

Lactic acid-1-C’* was injected into the fetal 
circulation and the specific activity curves for lac- 
tic acid carboxyl and acid volatile carbon dioxide 
in the three compartments indicated that the 
carboxyl group is rapidly metabolized to carbon 
dioxide and that unchanged lactic acid is trans- 
ferred to maternal blood and amniotic fluid. 

Maternal and fetal organisms freely exchange 
both metabolites. The concept of a unidirectional 
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transfer based on concentration gradients is un- 
tenable. The similarity of fetal, maternal and 
nonpregnant adult retention curves indicates 
that lactic acid is not a major end-product of fetal 
metabolism in primates. 
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The use of a halogenated phthalein dye for the 
investigation of hepatic function was first proposed 
by Rowntree, Hurwitz and Bloomfield (1) in 
1913. Their technique required the measurement 
of the fecal excretion of phenoltetrachlorphthalein 
following its parenteral administration. However, 
it was subsequently shown by Rosenthal and White 
(2) that intravenously administered phenoltetra- 
bromophthalein disulfonate (BSP) is removed 
from the blood almost exclusively by the liver 
and that the function of the liver may therefore be 
evaluated by measuring the rate of disappearance 
of this dye from the plasma. 

Various lines of evidence support the view that 
the removal of BSP (and presumably many other 
substances) from the plasma involves two proc- 
esses: 1) storage of the material in the liver and 
2) biliary excretion. Following the intravenous 
administration of BSP to dogs it was first shown 
by Wirts and Cantarow (3) that the output of 
BSP in the bile continues for over three hours after 
its virtual disappearance from the plasma, indi- 
cating that this material is first taken up by the 
liver and then gradually excreted. This observa- 
tion was confirmed by Brauer and Pessotti (4), 
also in dogs. The existence of a similar hepatic 
BSP storage mechanism in man is evident from 
the studies of Mendeloff, Kramer, Ingelfinger and 
Bradley (5) in which a retardation of the BSP 
disappearance rate from plasma was noted when 
successive identical intravenous doses were ad- 
ministered 30 minutes apart. These authors pos- 
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tulated that “saturation” of the hepatic storage 
compartment occurs after a single injection of dye 
so that the rate of uptake of subsequent doses is 
limited by the biliary excretion mechanism. Fluo- 
resence microscopy of living frog and rat livers 
by the technique of Grafflin and Bagley (6) has 
provided direct visualization of the storage phe- 
nomenon. Following intravenous injection both 
fluorescein and thioflavine-S accumulate in high 
concentration in hepatic parenchymal cells as well 
as in the bile canaliculi. Finally, the same process 
has been demonstrated after injection of [**'-la- 
beled rose bengal by Taplin, Meredith and Kade 
(7) using an external counter over the liver. 
There is a rapid accumulation of isotope in the 
liver followed by a gradual disappearance as the 
dye is excreted. The latter phase can be blocked 
by acute common bile duct ligation in rabbits but 
the “storage” uptake is still apparent. 

The rate of uptake of BSP from the plasma into 
hepatic storage may be very rapid immediately 
after an intravenous injection. In man, for ex- 
ample, the BSP concentration in plasma falls at the 
rate of 10 to 15 per cent per minute following a 
single injection (8) so that the initial rate of re- 
moval of a 300 mg dose must be of the order of 40 
mg per minute. However, the liver is incapable 
of removing BSP this rapidly for an extended pe- 
riod of time. Constant BSP infusions at rates 
much over 3 mg per m? per minute in man (9) or 
1.4 mg per 10 kg per minute in the dog (10) re- 
sult in a continuously rising plasma concentration. 
Mason, Hawley and Smith (11) reported a higher 
figure of 4.4 mg per 10 kg per minute for dogs 
but arrived at the same general conclusion. These 
observations have led to the hypothesis that the 
biliary excretion of BSP is a rate-limited process 
and that the rate of uptake of BSP from plasma is 
ultimately limited by the maximal rate of excretion. 

This mechanism was explored in more detail 
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by Combes, Wheeler, Childs and Bradley (10) us- 
ing I**!-labeled rose bengal to measure hepatic 
blood flow so that actual rates of hepatic BSP re- 
moval could be calculated from the splanchnic 
arteriovenous concentration difference. It was 
found that the removal rate of BSP reaches a 
limiting “maximum” during a BSP infusion 
which is sufficiently rapid to produce a continu- 
ously rising plasma concentration. This observa- 
tion was interpreted as further evidence for the 
existence of a limited excretory transport mecha- 
nism, and the maximal rate of transport was desig- 
nated “Tm.” However, when a large “priming” 
dose of BSP was administered at the time that 
constant infusion was started, hepatic removal 
rates much higher than the apparent excretory 
“Tm” were observed transiently, suggesting rapid 
initial uptake of BSP into a “storage” compartment. 
It was postulated that the liver is capable of very 
rapid uptake of BSP from the plasma when the 
dye is entering the storage compartment but that 
the uptake approaches the excretory “Tm” once 
the storage compartment is “saturated.” 

The high plasma concentrations of BSP re- 
quired for more detailed exploration of the storage 
mechanism interfered markedly with the removal 
of rose bengal making it impossible to obtain ac- 
curate measurements of hepatic blood flow. In the 
studies reported here a mechanical device (rotam- 
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SYSTEM FOR HEPATIC BLOOD FLOW MEASUREMENT USED IN FIRST SIX STUDIES. 
Hepatic venous blood was collected through cannula (A), delivered to rotameter (B) 


Fig: 1. 


and returned to heart by way of cannula in thoracic inferior vena cava (C). 
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eter) was therefore employed for the measurement 
of flow in order to determine hepatic BSP uptake 
accurately over a wide range of plasma levels in 
the dog. The results have proved consistent with 
the view that biliary excretion of BSP involves a 
rate-limited process but that accumulation (or 
storage) of BSP in hepatic parenchymal cells is 
determined by plasma concentration. 


METHODS 


In 14 mongrel dogs (14 to 26 kg) anesthetized with 
pentobarbital (30 mg per kg) hepatic venous outflow 
was measured using the rotameter and optical recording 
system described by Shipley and Wilson (12). In the 
first 6 dogs hepatic venous blood was collected from the 
inferior vena cava below the liver and returned through 
a chest wound to the thoracic inferior vena cava (Fig- 
ure 1). Respiration was maintained by means of a Star- 
ling pump. A femoral-to-jugular shunt was provided for 
return of venous blood from structures below the hepatic 
cannula. In the remaining 8 dogs the arrangement shown 
in Figure 2 was employed. Hepatic venous blood was 
led to the rotameter through a no. 20 Fr. woven nylon 
catheter threaded through a femoral vein and tied in 
place by a ligature around the vena cava above the renal 
veins. After passing through the rotameter the blood 
was delivered to a reservoir beneath the animal board 
from which it was returned by finger pump to an ex- 
ternal jugular vein. Venous return from structures be- 
low the liver was collected from the opposite femoral vein 
and returned to the heart by way of the same reservoir 


system. A circulating warm water jacket around the 


Blood 


from structures below (A) was collected through femoral vein cannulae (D) and re- 


turned to heart via jugular cannulae (E). 
obtained at F. 


Mixed hepatic venous blood samples were 
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Fic. 2. ROTAMETER SYSTEM USED IN LAST EIGHT sTupDIES. Hepatic ve 
nous blood was collected through catheter (A), passed through rotameter 
(B) and delivered to reservoir (C). Blood from structures below the liver 
was collected from the opposite femoral vein (D) and delivered to the same 
reservoir. A short section of Penrose drain (E) acted as a valve to prevent 
emptying of reservoir as blood was pumped (F) through return tubing (G) 


to the jugular vein. 
maintained body temperature. 
through the rotameter. 
at I. 


return tubing was regulated to maintain constant body 


temperature (measured by an esophageal thermistor). 
A cardiac catheter equipped with a balloon was inserted 
through the other external jugular vein and maneuvered 
into the thoracic inferior vena cava. Its position was 
determined by palpation through the intact diaphragm. 
Inflation of this balloon directed the entire hepatic ve- 
nous outflow through the rotameter. Hepatic venous 
congestion did not occur, because the resistance of the 
tubing and rotameter to hepatic venous outflow was bal- 
anced by the siphoning effect of the blood delivered to 
the dependent reservoir. 

In all studies heparin was used as the anticoagulant 
(10 mg per kg initially and 5 mg per kg every hour, intra- 
venously). The external circuits were filled beforehand 
with 6 per cent dextran in saline to prevent sudden ini- 
tial reduction in blood volume. The rotameter was cali- 
brated frequently with dog blood at body temperature 
and in each of the last 8 studies this calibration was car- 
ried out immediately after completing the experiment. 
Sulfobromophthalein sodium (BSP) solutions were ad- 
ministered intravenously using a Bowman pump. 

BSP concentration in arterial and hepatic venous plasma 


Warm water flowing through plastic tube jacketing (G) 
Balloon (H) directed hepatic venous blood 
Mixed hepatic venous blood samples were obtained 


was measured in a Beckman DU spectrophotometer at 
580 mu after dilution of 1 ml of plasma with 10 ml of 
normal saline and addition of 0.2 ml. of 20 per cent po- 
tassium hydroxide. The optical density of a similarly 
treated alkalinized blank plasma (obtained before BSP 
Standard 
tions for this determination were prepared in dog plasma. 
Frequent hematocrit determinations were carried out in 
Wintrobe tubes centrifuged 30 minutes at 2,000 rpm. 
These were not corrected for trapped plasma. Total 
plasma volume was measured after the external circuits 


administration) was subtracted. concentra- 


were functioning, using I-labeled human serum albumin. 
A blood sample obtained 10 minutes after injection was 
compared with an aliquot of the injection solution diluted 
to standard volume with carrier plasma to avoid adsorp- 
tion by glass. 
repeated near the end of the study and intervening values 
volume were estimated by interpolation. 
Splanchnic plasma volume was assumed to be 20 per 
cent of total plasma volume (13). The precision of this 
assumption has not been tested under the conditions of 
these experiments. However, as shown in the equa- 
tion below, the value for splanchnic plasma volume is in- 


In the last 8 dogs this measurement was 


of plasma 
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volved in correcting for a comparatively small amount of 
BSP which is distributed in the splanchnic plasma so 
that only a reasonable approximation is required. 

The hepatic BSP removal rate was calculated from the 
splanchnic arteriovenous concentration difference on the 
assumption that removal of BSP by splanchnic tissues 
other than the liver was practically negligible (14) ex- 
cept for changes in the BSP content of the splanchnic 
plasma itself. The following formula was employed: 


aP 


Ry = F(A — V) - ( = 


) xX SPV 


where: 
Ru = hepatic BSP removal rate, mg per minute 


F = hepatic plasma flow, ml per minute = rotameter 
flow X (1 — hematocrit) 


arterial plasma BSP concentration, mg per ml 
mixed hepatic venous BSP concentration, mg 
per ml 
= rate of change of arterial plasma concentration, 
mg per ml per minute 


/ = splanchnic plasma volume, ml = 0.2 X total 
plasma volume. 
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Measurements of flow and collection of blood specimens 
were carried out synchronously at intervals of 3 to 10 
minutes and the values of F, A and V, obtained at the 
beginning and end of each interval, were averaged and 
substituted into the above equation to calculate Ru for the 
interval. The difference between the arterial concen- 


trations at the beginning and end of each period was di- 
vided by the time interval to obtain ~ During sudden 


changes in concentration following large injections of 
BSP (see Figures 4 and 5) continuous blood samples 
were drawn at a constant rate for 2 successive periods of 
2 minutes’ duration in order to obtain representative av- 
erage values for A and V. 


RESULTS 


The first six studies demonstrate the effect of 
sudden alterations in arterial BSP concentration 
on the hepatic BSP removal rate. In the study il- 
lustrated in Figure 3 (Dog Hu) a constant BSP 
infusion of 3.8 mg per minute was administered. 
As anticipated from earlier work (10) the hepatic 
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Fic. 3. EFFECT OF A SUDDEN INTRAVENOUS INJECTION OF BSP oN HEPATIC 


REMOVAL RATE. 
and continued throughout the study. 


A BSP infusion of 3.82 mg per minute was started at zero time 
Intravenous injection of 50 mg of BSP re- 


sulted in transient increase in arterial concentration and hepatic removal rate. 
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Fic. 4. EFFECT OF SUDDEN INCREMENT AND SUDDEN DECREMENT IN AR- 
TERIAL BSP CONCENTRATION ON HEPATIC BSP REMOVAL RATE. A BSP in- 
fusion of 3.89 mg per minute was started 80 minutes before time zero and re- 
duced to 2.33 mg per minute 10 minutes before time zero. During steady 
states hepatic removal rate was constant and independent of plasma concen- 
tration, but sudden increment and decrement in concentration produced, re- 
spectively, transient increase and decrease in hepatic removal rate representing 
net uptake and release of “stored” BSP. 


BSP removal rate achieved a constant value (3.2 
mg per minute) at about the time the arterial con- 
centration reached 2.5 mg per 100 ml, while the 
latter continued to rise. After 107 minutes of 
steady BSP infusion, a sudden increment in ar- 
terial concentration was produced by the intra- 
venous injection of 50 mg of BSP. There was a 
marked increase in hepatic removal rate to as high 
as 7 mg per minute followed by a gradual return 
during the next 20 minutes to the original rate 
of 3.2 mg. per minute. This phenomenon is re- 
peated in the next illustration and the opposite ef- 
fect is shown to occur after a sudden decrement in 
plasma BSP concentration (Figure 4). In this 


study a BSP infusion (4 mg per minute) was be- 
gun 80 minutes beforehand and slowed to 2.3 mg 
per minute 10 minutes before sampling. During 
the succeeding 30 minutes a relatively constant ar- 
terial level of 4 mg per 100 ml was thus obtained. 
and the hepatic BSP removal rate was constant at 
2 mg per minute. After this control period an 
injection of 50 mg of BSP produced, as in the first 
study, a marked transient increase in hepatic re- 
moval rate followed by a gradual return to 2 mg 
per minute as the arterial concentration established 
a new level of 6 mg per 100 ml. The BSP in- 
fusion was then discontinued for a 10 minute in- 
terval. During the resulting decrement in arterial 
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concentration the hepatic removal rate decreased 
to as low as 0.7 mg per minute but returned again 
to 2 mg per minute after resumption of the infu- 
sion. This reduction in BSP removal rate oc- 
curred even though the absolute arterial BSP con- 
centration was always higher than during the con- 
trol period. 

The other four studies in this series (Figure 5) 
confirm the observations described above. Sudden 
increments in plasma level produced either by in- 
stantaneous intravenous doses of BSP (Figure 
5A, B, C) or temporary acceleration of infusion 
rate (Figure 5D) invariably resulted in signifi- 
cant transient increase in hepatic removal rate. 
Moreover, in Dog Sa (Figure 5D) the responses 
elicited by each of two successive concentration in- 
crements were identical. On the other hand, con- 
centration decrements (Figure 5A, B, C) resulted 
in transient decreases in BSP removal rate in each 
case. 

The subsequent eight studies were designed to 
measure the effect of more gradual but continuous 
changes in plasma concentration and were con- 
ducted as illustrated in Figure 6 (Dog Ot). A 
“priming” dose of BSP, approximately 12 mg 
per kg was administered, and this was followed 
by an infusion of approximately 0.15 mg per kg 
per minute. After a 30 to 40 minute equilibration 
period this rate of infusion usually produced a 
relatively constant or slowly changing arterial 
plasma level above 2.5 mg per 100 ml as in the 
illustration. After an initial phase of rapid 
“storage” uptake the BSP removal rate also be- 
came constant. Arterial and hepatic venous 
sampling was continued for an additional 30 min- 
utes. The infusion rate was then doubled and 
measurements were continued at 10 minute in- 
At the high in- 
fusion rate the arterial concentration was observed 
to rise rapidly at first, but within approximately 
20 minutes the rate of increase became less rapid 
and quite constant. Coincident with this the he- 
patic removal rate increased to a new constant 
value, considerably greater than the rate observed 
during the slower infusion. In the study illus- 
trated the rate of change of arterial concentration 
with respect to time during the last 30 minutes of 
the initial BSP infusion was — 0.0014 mg per 100 
ml per minute and achieved a new constant value 


tervals for another 50 minutes. 
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of + 0.0346 mg per 100 ml per minute during the 
more rapid infusion. The corresponding hepatic 
BSP removal rates were 2.62 and 4.76 mg per min- 
ute, respectively. In the same manner values of 
arterial concentration change and corresponding 
hepatic removal rates were computed during each 
of two BSP infusion rates in the other seven stud- 
ies (Columns 4 and 5 of Table [). 

Extrahepatic removal rate of BSP was cal- 
culated in the last eight studies by means of the 
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Fic. 5. EFFECT OF SUDDEN CHANGES IN ARTERIAL PLASMA 
BSP CONCENTRATION ON HEPATIC REMOVAL RATE IN FOUR 
pocs. A BSP infusion of approximately 6 mg per minute 
was started about 70 to 100 minutes before time zero, and 
this was reduced to the indicated infusion rate 15 minutes 
before time zero. In each case increments in plasma 
concentration resulted in transient increase in hepatic 
removal rate, and decrements caused a transient decrease. 
In D an identical increase in removal rate accompanied 
each of two successive increments in plasma level indi- 
cating additional “storage” uptake with each increment. 
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following formula: 


Extrahepatic removal rate 


sis [F(A = (=) x (ESPV)| 


where: 
infusion rate, mg per minute 
hepatic plasma flow, ml per minute 


splanchnic arteriovenous difference, 
mg per ml 


= rate of change of arterial concentra- 


tion, mg per ml per minute 


extrasplanchnic plasma volume, ml 
(assumed to be 0.8 X total plasma 
volume). 


The magnitude of the extrahepatic removal rate, 
both in absolute terms and relative to total infu- 
sion rate, is shown in Table II. The average ex- 
trahepatic removal rate under the conditions of 
these studies was 9.2 per cent of the rate of in- 
fusion over a range of plasma BSP concentrations 
of approximatetly 3 to 16 mg per 100 ml. 


DISCUSSION 


A. Hepatic excretory and storage mechanisms. 
The movement of BSP from the plasma into the 
liver, as indicated in the introduction, depends 
upon both the excretory and the storage functions 
of this organ. Thus, in arithmetic terms, the he- 
patic removal rate of BSP at any instant must be 
equal to the sum of the hepatic excretory rate 
plus the rate of accumulation (or minus the rate 
of depletion) of BSP in the hepatic parenchyma. 
The various lines of evidence cited in the introduc- 
tion, although indirect, strongly suggest that the 
BSP excretory process involves a rate-limited 
transport mechanism and that a constant maximal 
excretory rate (Tm) is established when a suffi- 
cient quantity of BSP is infused to maintain plasma 
concentrations above, approximately, 2 to 3 mg 
per 100 ml. This conclusion has been drawn, 
in part, from repeated observations (10) of the 
sort illustrated in the first portion of Figure 3. 
Here, for example, a constant hepatic BSP re- 
moval rate was achieved and maintained as the 
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TABLE II 


Extrahepatic removal during estimation of BSP transport 
maximum and storage capacity 
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plasma concentration (and hence the available 
load) of BSP increased continuously. If one 
postulated a variable excretory rate, then the con- 
stancy of hepatic removal rate observed under 
these circumstances could only be explained by the 
unlikely assumption that every change in excretory 
rate is accompanied by an equal and opposite 
change in the rate of accumulation of BSP in the 
hepatic parenchyma. assumed that 
BSP excretory rate is constant (and equal, by 
definition, to “Tm’’) whenever an adequate quan- 
tity of BSP is available for maximal transport 
(i.e., plasma concentrations consistently in the 
range of 2 to 3 mg per 100 ml or above). If these 
conditions are satisfied, increments or decrements 
in hepatic BSP removal rate can then be taken 
as an indication of changes in the rate of move- 
ment of dye into (or out of) hepatic parenchymal 
storage. 

Application of this interpretation to the first 
six studies (Figures 3, 4, 5) leads to the conclu- 
sion that increments in plasma concentration re- 
sult in an increase in hepatic BSP storage whereas 


Thus it is 
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decrements in concentration are followed by a net 
depletion of stored BSP (since, in the latter case, 
sufficient BSP is certainly available in the liver to 
inaintain a maximal excretory rate during the pe- 
riod of markedly reduced hepatic uptake from 
plasma). Apparently, then, the quantity of BSP 
which the liver can hold in storage is determined 
by the concentration of the dye in the surrounding 
plasma. The capacity of the liver to store BSP 
does not appear, within the limited range of plasma 
concentrations explored, to become “saturated” 
in an absolute sense, since successive increments 
in plasma concentration result in additional “stor- 
age” uptake of BSP by the liver (Figure 5D). 
Moreover, in the last eight studies the fact that 
hepatic removal rate is much higher throughout a 
period of rising plasma concentration than during 
a relatively steady state indicates that a continu- 
ously increasing quantity of BSP can be stored 
in response to a constantly increasing plasma con- 
centration. Under these circumstances the hepatic 
removal rate includes a constant rate of movement 
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of BSP into hepatic parenchymal storage and is, 
to this extent, greater than the excretory Tim. 
This also applies to all experiments of the type 
illustrated by the first portion of Figure 3, where 
the plasma BSP concentration is changing. While 
it does not modify the previous arguments in fa- 
vor of a constant excretory Tm, the potential in- 
equality between hepatic BSP removal rate and 
excretory Tm must obviously be recognized in any 
quantification of the latter which is based upon 
measurements of the former. 

B. Quantification of hepatic storage and ca 
tory Im. Because changes in the quantity of 
BSP stored in the liver depend upon the difference 
between uptake from the plasma and excretion into 
the bile, the quantification of BSP storage requires 
a knowledge of both the hepatic removal rate and 
the excretory Tm. Theoretically, the Tm could 
be assumed to be equal to the hepatic removal 
rate observed toward the end of a protracted pe- 
riod of constant high plasma level, since the net 
quantity of stored BSP would ultimately achieve a 
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Fic. 6. RELATIONSHIP BETWEEN HEPATIC REMOVAL RATE AND RATE OF CHANGE 


OF PLASMA CONCENTRATION. 


A “priming” BSP injection was followed by two 


successive constant infusions of BSP. The rising plasma concentration during 
the more rapid infusion was associated with continuous uptake of BSP into 
“storage” as indicated by the higher hepatic removal rate. 
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constant value under these circumstances. In 
practice, however, this approach would require 
a knowledge of the Tm before it could actually be 
estimated. In other words, after administering a 
suitable “priming dose” of BSP one would have to 
find, by trial and error, the precise BSP infusion 
rate that would maintain a constant plasma level 
for an indefinite period. This laborious procedure 
can be avoided by the application of a general 
equation for hepatic removal rate based on the 
observed dependence of storage upon plasma con- 
centration. If it is assumed, over a limited range 
of concentrations, that the quantity of stored BSP 
is directly proportional to the plasma concentra- 
tion, then a proportionality factor can be defined 
to express the number of milligrams of BSP taken 
up into storage per mg per 100 ml of plasma 
This factor is designated “rela- 
tive storage capacity” (S). The net rate of up- 
take of BSP into storage (in mg per minute) dur- 
ing a period of continuously changing plasma con- 


concentration. 


centration is then equal to the product of S times 

the rate of change of plasma concentration (in 

milligrams per 100 ml per minute). The general 

equation for hepatic removal rate thus becomes: 
AP 


Equation 1: Ry = Tm+S X (=) 


where: 
<n = hepatic removal rate, mg per minute 
Tm = excretory transport maximum, mg per 
minute 


= relative storage capacity, mg per mg per 
100 ml 


AP 


Ar 7 fate of change of plasma concentration, 


mg per 100 ml per minute. 


Substitution into this general equation of the val- 


. AP , , 
ues of Ry and 1° observed during two different 


rates of infusion, provides a set of simultaneous 
equations that can be solved for both Tm and S. 
This calculation has been carried out using the 


values of Ry and a shown in Columns 4 and 5 


of Table I, and the resulting estimates of Tm and 
S are shown in Columns 6 and 8 of the same table. 
These have also been reduced to a standard body 
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weight of 10 kg in Columns 7 and 9. The Tm 
values calculated in these dogs were not obviously 
different, per unit of body weight, from those es- 
timated in studies reported previously (10). How- 
ever, it must be emphasized that the present stud- 
ies were carried out under conditions of anesthesia, 
severe trauma and often reduced hepatic blood 
flows. While these conditions produced no obvi- 
ous progressive impairment of the mechanisms 
under investigation, the precise numerical values 
may not apply to normal animals. 

C. Concentration of BSP in the liver. The rela- 
tive storage capacity, as defined, has the dimen- 
sions of a volume, expressed in units of 100 ml. 
Thus, in a sense, an average ““S” of 19.9 mg per 
mg per 100 ml per 10 kg means that the hepatic 
storage compartment of a 10 kg dog behaves as 
if it were an extension of the plasma compartment 
with a volume of 1,990 ml. Theoretically, there- 
fore, one could define S as the hepatic “volume of 
distribution” of BSP, but compared with the 
known size of the liver the numerical values of S 
are absurdly large. Actually the dog’s liver, ex- 
clusive of blood content, weighs only 235 g per 
10 kg (an average figure for 14 dogs in which a 
prior injection of Cr**-labeled red cells made it 
possible to estimate and subtract the blood con- 
tent). In order to accommodate 19.9 mg of BSP 
for every mg per 100 ml change in plasma con- 
centration, the liver must be capable, therefore, 
of storing BSP at more than eight times the con- 
centration in the surrounding plasma. (If the 
material were stored at a concentration just equal 
to that in plasma, a 235 g liver would have a stor- 
age capacity of only 2.35 mg per mg per 100 ml.) 
Since part of the weight of the liver is attributable 
to comparatively inert supporting tissue, and since 
there is no assurance that dye is uniformly distrib- 
uted through the remaining parenchyma, it is prob- 
able that concentration of BSP in the actual hepatic 
storage sites may achieve an even higher ratio with 
respect to plasma concentration. 

D. Storage and transport mechanisms. The 
present studies provide no information regarding 
the nature of the mechanisms by which BSP is 
concentrated in the liver and transported into the 
bile nor of the possible relationship between the 
two processes. The schema presented here is un- 
doubtedly oversimplified. It has been shown by 
Krebs and Brauer (15), for example, that BSP is 
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partially converted by the liver into a number 
of chromatographically separable molecular spe- 
cies, some of which have definitely lower extinction 
coefficients than the parent compound at 580 mu. 
Whatever the behavior of these products with 
respect to storage and excretion their formation 
represents, in effect, a “loss” of BSP color from 
the body and would hence be included in the ex- 
cretory Tm as calculated herein. However, the 
resulting overestimation of Tm compared with the 
actual rate of biliary excretion is probably not 
very great, since over 70 per cent of administered 
BSP is ultimately recoverable in the bile by simple 
colorimetry (3). Moreover, the major quantity 
of the derivatives is ultimately excreted in the 
bile, and to this extent properly belongs in the 
“Tm” calculation. 

E. Simplification of technique. Even at the 
high plasma concentrations required for these 
studies the calculated removal of BSP by struc- 
tures other than the liver was comparatively small. 
The figures shown in Table II tend, if anything, to 
overestimate the actual removal by extrahepatic 
tissues. They are undoubtedly magnified by the 
effect of blood loss and subsequent hemodilution 
(due to repeated sampling plus wound ooze after 
anticoagulation). Moreover, the hematocrits were 
not corrected for trapped plasma so that the values 
for hepatic plasma flow, and hence the hepatic re- 
moval rates, were subject to a systematic under- 
estimation which would also exaggerate apparent 
extrahepatic removal. 

If one ignores the effect of extrahepatic BSP 
removal altogether, then the values for Tm and S 
can be calculated without measurement of hepatic 
blood flow and hepatic vein concentration, as fol- 
lows: 


AP 
R=1-Pvx (2) 


where: 
R = BSP removal rate, mg per minute 
I = BSP infusion rate, mg per minute 


AP 


At rate of change of plasma BSP concen- 


tration, mg per 100 ml per minute 


PV = plasma volume in hundreds of ml. 
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Substituting this expression into Equation 1: 
7X1 
Equation 2: | = Tm + (S + PV) X (3) 
This equation may be solved for Tm and S by sub- 


This 


Eye AP 
stitution of two sets of values for I and re 


calculation, in the eight studies shown in Table II, 
yielded values for Tm and S (Columns 10 and 11) 
which were quite comparable to the figures calcu- 
lated from the actual hepatic removal rates. As 
shown in Columns 12 and 13, Tm was thus over- 
estimated by an average of 9 per cent and S by 
4 per cent when extrahepatic removal was ignored. 

It is apparent from this that reasonable esti- 
mates of BSP transport maximum and storage 
capacity can be obtained by a relatively simple 
technique utilizing constant BSP infusions and 
multiple peripheral blood samples. Studies of 
this type are in progress (17); the results will be 
reported later in detail. 


SUMMARY 


The hepatic removal rate of sulfobromophthalein 
sodium (BSP) has been estimated in 14 dogs by 
means of measurements of hepatic blood flow (ro- 
tameter) and splanchnic arteriovenous concentra- 
tion difference. During a constant BSP infusion 
hepatic BSP removal reaches a constant rate at 
an arterial concentration of 2 to 3 mg per 100 ml 
even whe. the latter continues to rise. Sudden in- 
crements in arterial concentration produce a 
marked transient increase in hepatic BSP removal 
rate and decrements produce a transient reduction. 
The hepatic removal rate is higher during continu- 
ously rising than during constant arterial BSP 
concentrations. 

The data support the view that hepatic excre- 
tion of BSP depends upon a rate-limited trans- 
port mechanism and that the quantity of BSP 
stored in the liver parenchyma depends directly 
upon the concentration in the surrounding plasma. 
A method for calculating the excretory trans- 
port maximum (Tm) and the relative storage 
capacity (S) has been presented, based on ob- 


1JIt should be noted that this equation is, in fact, the 
equivalent of one of the graphic methods proposed for 
estimation of the maximal BSP excretory rate by Lewis 
(16). 
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servations during two different constant rates of 
BSP infusion. The calculated values of storage 
capacity indicate that BSP in the hepatic storage 
compartment is maintained at a concentration 
more than eight times that in the plasma. In the 
range of plasma concentrations studied there was 
no evidence of “saturation” of the storage com- 
partment. The extrahepatic removal rate of BSP 
is low enough so that Tm and S may be reasonably 
estimated from observations of peripheral plasma 
BSP concentrations during different rates of con- 
stant infusion, without resort to hepatic venous 
sampling or hepatic blood flow measurements. 
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It is well established that certain patients with 
hepatic cirrhosis show impaired water diuresis fol- 
lowing water loads (1). With this limitation in 
free water excretion, hyponatremia may develop 
on average water intakes. It has been asserted and 
denied that antidiuretic hormone (ADH), secreted 
in excess or inadequately inactivated, is responsi- 
ble for the water retention (2, 3). In this study 
the role of antidiuretic hormone in cirrhosis is re- 
examined. The results do not support the concept 
that it plays the primary role in the retention of 
water. 

Since free water is presumably produced by the 
reabsorption of sodium (4, 5), these patients pre- 
sent a paradox in that they show almost quantita- 


tive reabsorption of filtered sodium. The paradox 
could be resolved by postulating that proximal 
tubular sodium reabsorption in these subjects is 
so great as to allow little sodium to pass to the 


distal site where free water is generated. It fol- 
lows a) that the defect should be corrected by de- 
livery of proximal tubular fluid into the distal 
tubules and }) that normal subjects should show 
a similar “defect” correctable by the same process 
when depleted of sodium. In the present study 
these propositions are examined. 


SUBJECTS AND METHODS 


Eight normal subjects and 8 patients with cirrhosis 
were maintained in an air-conditioned environment in a 
metabolic ward. They were fasted, and fluids were with- 
held after 6:00 p.m. the day prior to the tests. On the 
day of the study they were weighed at 7:30 a.m. and 
water loads (20 ml per kg) were drunk in approximately 
1 hour, or infused intravenously in 1 to 1.5 hours. Over- 
night urine specimens were collected from 10:30 p.m. on 
the previous day to 7:30 a.m. on the day of the study to 
provide an estimate of the state of hydration of the sub- 


* Presented at the National Meeting of the American 
Federation for Clinical Research, Atlantic City, N. J., 
May 4, 1958. 

+ Present address: Dept. of Medicine, State University 
of Iowa College of Medicine, Iowa City, Iowa. 


ject in each study. In each case where direct compari- 
sons were made between studies in a given subject, the 
volumes of these specimens were within 100 ml of each 
other and their concentrations were within 95 mOsm per 
kg. On the day of the test, voided urine specimens were 
collected from 7:30 a.m. to 8:30 a.m. and at intervals 
of 10 minutes to 1 hour thereafter, collections being made 
as frequently as the subject could void. Urine collection 
was concluded at 12:30 p.m. Subjects were recumbent 
(head on one pillow) during all studies, except when 
standing to void. ‘“Arterialized’’ venous blood samples 
were drawn a) just prior to loading; b) 1 hour after the 
oral load had been drunk, or 15 minutes after the end of 
the infusion, from a needle in the opposite arm; and c) 
between 12:00 and 12:30. To help assure constancy of 
hydration, the subject’s ordinary fluid intake was deter- 
mined before studies were begun and was maintained 
thereafter on the day prior to studies, with one exception: 
Subject A.N. received 2,000 ml additional water daily 
while sodium-depleted. At least 48 hours intervened be- 
tween the beginning of successive studies. Normal sub- 
jects receiving a low sodium diet were further depleted 
of sodium by administration of 2 ml. of Thiomerin so- 
dium intramuscularly after they had taken 5 to 15 g of 
ammonium chloride daily for 2 or 3 days. Studies were 
not done until 3 days had elapsed after the last injection 
of mercurial. Unless otherwise indicated, all patients 
with cirrhosis were studied on a sodium intake of 9 
mEq per day for therapeutic reasons. They were par- 
taking of adequate amounts of an otherwise normal diet, 
except for N.K., who refused some food. All showed 
essentially quantitative retention of ingested sodium de- 
spite marked excess of total body sodium as demonstrated 
by collection of copious ascitic fluid. In some studies, 
sustained rather than acute water diuresis was studied. 
The subject was allowed fluids until 10:30 p.m. of the 
night before and was given 500 ml of water to drink at 
7:30 a.m. on the day of the study. Solutions containing 
5 per cent dextrose or 4 per cent fructose in water were 
infused at 15 to 16 ml per minute beginning at 8:00 a.m. 
Urine was collected as frequently as the subject could 
void until urine flow was constant; isotonic (5 per cent) 
mannitol or 0.7 per cent saline was then substituted for 
the hexose. These studies are discussed under Results V. 

Some studies of acute water diuresis were repeated un- 
der identical conditions except that Pitressin 1 
pressin aqueous) 10 mU or 100 to 200 wU per kg per 


( vaso- 


1 Parke-Davis Lot 184. 
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WATER DIURESIS IN HEPATIC CIRRHOSIS 


TABLE I 


Effect of oral water loads (20 ml per kg) on urine and serum in normal subjects 








4 hr urine* 








Osmolality Sodium 


Frot ee A 3 
as % of Minimum After End of After End of 
% of loadt load osmolality Start load§ study Start load§ study 








mOsm/kg|| mOsm/kg mEq/L 
20 yrs, &’ 111 59 83 286 282 284 144 141 142 
100 54 101 295 285 293 146 139 145 


21 yrs, & 94 52 69 288 282 286 140 1 142 
84 55 288 283 142 1 


20 yrs, 99 69 49 207 «| 282 —i«s2888 141 138 
E. W., 16 yrs, 96 59 59 288 © 283 140 
A.N., 34 yrs, 108 97 49 289 «=. 285 


Average 99 63 66 290 283 





* Comprises all voidings during the 4 hrs from the end of ingestion of the ‘‘load.” 
t Ratio of 4 hr volume to total volume ingested X 100. 

t Ratio of total free water excreted in 4 hrs to total volume ingested X 100. 

§ 2 hrs after start of ingestion. 

|| Osmolality of most dilute specimen obtained. 


hour, was added to the infusate. These studies are dis- ference between urinary flow (V) and osmolal clearance: 
cussed under Results VIII. CFu.0 = V — (UosmV/Sosm), where V = urinary flow (ml 
Serum and urine osmolality was estimated from freez- per min); Uosm=osmolal concentration of urine, and 
ing point depression (6), readings for unknowns being Sosm = osmolal concentration of serum (8). 
interpolated between standards. The concentrations of Serum and urine sodium and potassium were measured 
sodium chloride used in standard solutions were corrected by internal standard flame photometry. The clearance 
for true osmolality (7). Total solute is thus reported of alkali stable inulin was measured by the method of 
as milliosmoles per kilogram of water. Walser, Davidson and Orloff (9) and of creatinine by 


Free water clearance (CFu.0) is calculated as the dif- the method of Bonsnes and Taussky (10). 


TABLE II 


Effect of oral water loads (20 ml per kg) on urine and serum in patients with cirrhosis 











4 hr urine* Serum 








Osmolality Sodium 





Faot - 
P04 : as % of Minimum After End of After End of 
Subject % of loadt load osmolality Start load § study Start load§ siudy 





mOsm/kg || mOsm/kg mEq/L 

H.F., 47 yrs, 0 24 113 290 277 282 144 135 139 
24 111 284 276 281 141 135 138 

8 180 277 268 272 133 128 129 

8 194 277 269 274 130 124 125 


W.S., 34 yrs, #7 17 74 275 270 275 136 131 
30 55 284 278 138 135 


N. K., 68 yrs, &* k 0.2 239 259 
Average 16 138 278 277 





* Comprises all voidings during the 4 hrs from the end of ingestion of the “load.” 
+ Ratio of 4 hr volume to total volume ingested X 100. 

t Ratio of total free water excreted in 4 hrs to total volume ingested X 100. 

§ 2 hrs after start of ingestion. 

|| Osmolality of most dilute specimen obtained. 

{| 30 ml per kg load. 
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TABLE Ill 


Effect of intravenous water* loads (20 ml per kg) on urine, and serum: comparison of normal and cirrhotic subjects 








4 hr urineT 

Mini- 
mum 
osmo- 


Subject lality 


Sodium 


* After 
load || 


Osmolality 


After End of 
load|| study 


(ao GFR 
(Cer) 


End of 
Start Start study 





mOsm/ke§ 


mOsm/kg mEq/L ml/min 


Normals 


, 34 yrs, : 35 
20 yrs, 86 


S. Y., 20 yrs, 


4 
6 


Average 


285 137 
138 


Cirrhotics 


, 47 yrs, 


45 yrs, 9 
a; eae 


47 yrs, 


M. P., 52 yrs, 


Average : : 116 





* Given as 5% dextrose or 4% fructose. 


289 
260 
280 
278 
288 


289 
286 


281 


+ Comprises all voidings during the 4 hrs from midpoint of infusion of “‘load.”’ 


t Ratio of 4 hr volume to total volume infused X 100. 


§ Ratio of total free water excreted in 4 hrs to total volume infused X 100. 


|| 15 minutes after end of infusion. 
€ Osmolality of most dilute specimen obtained. 
** Study done 2 days after paracentesis. 


RESULTS 


I. Response to oral water loading. In Tables I 
and II are compared the responses to oral water 
loads of normal subjects and patients with hepatic 
cirrhosis. As compared with the normal subjects, 
the patients excreted a) an average of less than 
half as much urine, b) one-quarter of the amount 
of free water, and c) urine of minimum osmolality 
twi:e as great. The serum osmolality d) fell to a 
comparable degree in the two groups, and the se- 
rum sodium concentration, e) fell slightly more 
in the patients. The initial serum osmolality was 
significantly lower (p < 0.02) in the patients, and 
the sodium concentration was suggestively lower 
(p< 0.10). Despite the limitation in volume of 
flow, urine became hypotonic to plasma in all pa- 
tients. 

II, Response to intravenous water loading. In 
Table III are compared the responses of normal 


subjects and of patients with hepatic cirrhosis to 
intravenous water loads (5 per cent dextrose or 4 
per cent fructose solutions). The results are es- 
sentially the same as with oral water loads. 

III, Response to intravenous loading with unre- 
absorbable solute. In Figure 1 are compared the 
responses of Patient H.F. to three isotonic water 
loads of equal volume (20 ml per kg). In I, all 
the water given is “free” water (5 per cent dex- 
trose solution) ; in II half is given as a 5 per cent 
mannitol solution; and in III, three-quarters is 
given as a 5 per cent mannitol solution. The ex- 
cretion of free water varies inversely with the vol- 
ume of free water given. 

Table IV shows the responses of the normal sub- 
jects and patients shown in Table III to intra- 
venous loading with the same volumes (20 ml per 
kg) of water containing mannitol. For the nor- 
mal subjects the excretion of free water was lower 
when the load contained unreabsorbable solute. 





WATER DIURESIS IN HEPATIC CIRRHOSIS 
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Fic. 1. OSMOLAL CLEARANCE (HATCHED AREAS BELOW), FREE WATER CLEARANCE (CFy.0-CLEAR AREAS BELOW), AND 
URINE VOLUME (HEAVY LINES) IN A PATIENT WITH CIRRHOSIS INFUSED WITH EQUAL ISOTONIC LOADS: EFFECT OF 
SUBSTITUTION OF MANNITOL (HATCHED AREAS ABOVE) FOR DEXTROSE (CLEAR AREAS ABOVE). Note that more free 
water is excreted from I to III, despite decreasing amounts of free water infused. 


FABLE I\ 


Effect of intravenous loads (20 ml per kg) containing unreabsorbable solute (mannitol) on urine and serum: 
comparison of normal and cirrhotic subjects 


4 hr urine* Serum 


% Fuck Mini- Osmol ality Sodium 
as “given mum —-- —_—<<<—<$— 
% of %o of excreted osmo- Afte : £ nd of After End of GF 5% dextrose 
picinda loadt ry. as Fu lality Start load]! study Start load|| study re 5% mannitol 


mOsm/keG mOsm/kg mEq/L 
Normals 


85 281 140 128 
293 143 138 
284 137 
281 : 144 
289 137 
Average ( : : 286 140 


Cirrhotics 


21 : 216: 273 129 
21 x 273-267 5 131 


32 : 287 =. 285 . 145 
41 290. 291 137 


71 27 54 95 286 286 
18 36 279 =278 


Average 76 27 74 131 282 280 281 137 





* Comprises all voidings during the 4 hrs from midpoint of infusion of “‘load.”’ 
t Ratio of 4 hr volume to total volume infused X 100. 
t Ratio of total free water excreted in 4 hrs to total volume infused X 100. 
; Ratio of total free water excreted in 4 hrs to total volume of free water infused X 100. 
|| 15 minutes after end of infusion. 
{ Osmolality of most dilute specimen obtained. 
** Study done 4 days after paracentesis. 
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TABLE V 


Effect of intravenous loads (20 ml per kg) of 5% mannitol on urine and serum: comparison of normal and cirrhotic subjects 








4 hr urine* 





Fro} 
as % of 
loa 


Minimum 


Subject % of loadt osmolality 


Serum 





Osmolality 





End of 
study 


After 


Start load§ 


Sodium 





After 


Start load§ 





mOsm/kg || 


313 
353 


mOsm/kg 
Normals 


286 286 
287 279 


mEq/L 


130 
130 


Cirrhotics 
puke ba ; 186 286 283 


M. M. 288 293 


M. P. 292 286 
306 


H. F. 2 276 ~=—- 280 
J.B. 5 277 —s«279 
288 284 


Average 


Normal, sodium depleted 
9 209 279 277 





* Comprises all voidings during the 4 hrs from midpoint of infusion of ‘‘load.”’ 
+ Ratio of 4 hr volume to total volume infused X 100. 

t Ratio of total free water excreted in 4 hrs to total volume infused X 100. 

§ 15 minutes after end of infusion. 

|| Osmolality of most dilute specimen obtained. 

“| Study done 6 days after paracentesis. 


TABLE VI 


Effect of equal intravenous water* loads (20 ml per kg) without and with unreabsorbable solute (mannitol) on urine and 
serum: comparison of a normal subject (A. N.) before and after sodium depletion 











4 hr urineT Serum 








Mini- Sodium 
mum 
osmo- 
lality 


Osmolality 


After 
load4 End 


% Fu 
given 
excreted 
as Fx,0 








After 


load] Infusate 


Start 





mOsm/kg** mOsm/kg mEq/L 20 ml/kg 


Before sodium depletion 
35 288 285 287 137 


5% Dextrose 


5% Dextrose: 1 
§% Mannitol: 1 


85 282 281 128 


After sodium depletion 


34 9 9 281 270 5% Dextrose 


5% Dextrose: 1 


08 38 76 275 270 272 ll Minch 
, 5% Mannito!: 1 





* Given as 5% dextrose. 

+ Comprises all voidings during the 4 hrs from midpoint of infusion of ‘‘load.” 

t Ratio of 4 hr volume to total volume infused X 100. 

§ Ratio of total free water excreted in 4 hrs to total volume infused X 100. 

|| Ratio of total free water excreted in 4 hrs to total volume of free water infused X 100. 
{15 minutes after end of infusion. 
** Osmolality of most dilute specimen obtained. 
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HF, 1/17/58 


OSMOLAL CLEARANCE (HATCHED AREAS BELOW), FREE WATER CLEARANCE ( CFy2.0-CLEAR AREAS 


BELOW ) AND URINE VOLUME (HEAVY LINES) IN A NORMAL SUBJECT AND IN A PATIENT WITH CIRRHOSIS: 
EFFECT OF SUBSTITUTION OF MANNITOL (HATCHED AREAS ABOVE) FOR DEXTROSE (CLEAR AREAS ABOVE). 
Note the increase in free water in the patient as contrasted with the fall in free water in the normal sub- 


ject when unreabsorbable solute is given. 


In contrast the patients showed greater free water 
excretions with loads containing unreabsorbable 
solute and thus Jess free water. 

Table V compares the response of three normal 
subjects (one of whom was depleted of sodium) 
and of five patients with cirrhosis to the same vol- 
ume (20 ml per kg) of a 5 per cent solution of 
mannitol. In the patients and in the salt-depleted 
normal subject, but not in the normal subjects on 
average sodium intake, free water was excreted 
in response to the load of wholly “obligated” 
water. 

IV. Response of a sodium-depleted normal sub- 
ject to intravenous loading. Table VI compares 
the response of a normal subject to equal intra- 
venous loads (20 ml per kg of a 5 per cent dex- 
trose solution with 20 ml per kg of 2.5 per cent 
mannitol in a 2.5 per cent dextrose solution) both 
before and after sodium depletion. Whereas the 
substitution of unreabsorbable solute had lowered 
the amount of free water excreted on ad libitum 
sodium intake, it raised it after sodium depletion. 
(Compare the fall in free water from 83 to 56 per 


cent of the load on ad libitum sodium, with the rise 
from 9 to 38 per cent after sodium depletion. ) 

V. Response to intravenous loading with un- 
reabsorbable solute during sustained water diure- 
sis. Figure 2 compares the effect of substituting 
infusions of 5 per cent solutions of mannitol for 5 
per cent dextrose solutions during sustained diu- 
resis in a normal subject and in a patient with 
cirrhosis. Table VII shows the results of this 
procedure in four patients with cirrhosis and in 
two normal subjects before and after sodium de- 
pletion. The substitution of unreabsorbable sol- 
ute lowered free water clearance in the normal 
subjects before sodium depletion and raised it 
after sodium depletion; it uniformly raised it in 
the patients with cirrhosis. Table VII shows also 
the glomerular filtration rates (GFR as inulin or 
creatinine clearance) during these studies. These 
rates tended to fall as urine volume rose with man- 
nitol in the patients with cirrhosis. (The apparent 
falls observed in the normal subjects before sodium 
depletion may be largely artifacts, resulting from 
the precipitous falls in urine volume. ) 
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WATER DIURESIS IN HEPATIC CIRRHOSIS 


TABLE VIII 


Effect of substitution of isotonic saline for isotonic dextrose during sustained diuresis on urine flow, CFx,0 and GFR: 
comparison of patients with cirrhosis and a normal subject before and after sodium depletion 


Cirrhotics 


Loading 

solution — ee 
infused CFH20 
ml/min ml/min ml/min 


ml/min ml/min 


15 minute periods 


% | y ‘ , 132 


/O 
Fructose 9.3 f A : 126 
9.3 5 i : 127 


: y ‘ 127 
Isotonic ’ . : 124 
saline , ; , 124 


Net water 
retention 
in 3 hours 


1,655 


* Inulin clearance. 


Normal 


Sodium depleted 


a 


High sodium 


xc. 


Vol CFr20 Cin* 


Vol CFH20 Cin* 


ml/min ml/min ml/min ml/min ml/min ml/min 
122 
131 
124 
123 


74 165 
18.2 155 
19.0 150 
19.7 166 


Cn on 
+ Go 00 


134 
133 
126 
134 
133 
135 
129 
127 


7. 155 
154 
147 
139 
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t Subject had excreted a volume of urine 795 ml greater than the sum of volumes of fluids drunk and infused. 


V1. Response to intravenous loading with isotonic 
sodium chloride during sustained water diuresis. 
Table VIII shows the effect of substituting infu- 
sions of isotonic saline solutions for 5 per cent 
dextrose solutions during sustained diuresis in two 
patients with cirrhosis and in a normal subject be- 
fore and after sodium depletion. The substitution 
of the sodium chloride raised free water clearance 
in the patients with cirrhosis and in the normal 
subject after sodium depletion, but lowered it in 
this subject before sodium depletion. 

VII. Electrolyte ea Table LX shows the 
electrolyte excretion in all infusion studies. The 
total sodium (Na) and potassium (K) excretion 
For the stud- 


tion. 


is shown for the four-hour studies. 
ies of sustained diuresis, the table shows the total 
Na and K excretion for the one-hour period im- 
mediately before and immediately after the substi- 
tution of mannitol or saline in the infusion. It is 
apparent that in the studies of acute diuresis the 
unreabsorbable solute greatly increased potassium 
excretion in the patients with cirrhosis but not in 
the normal subjects. Whereas excreted Na rose 
with the mannitol in patients M.M., M.P. and 
T.T., it showed no rise in H.F., in whom the 
effect of mannitol on free water clearance was as 


great as in the others. Table IX shows also 
total solute excretion during sustained diuresis 
calculated as for Na and K. Whereas mannitol 
produced increases in total solute excretion, so- 
dium chloride, which induced as great a rise in 
free water excretion, led to decreases in total sol- 
ute excretion. 

VIII. Response to intravenous loads containing 
vasopressin. Figure 3 compares the responses to 
identical loads in the same individual without and 
with the addition of vasopressin, given at the rate 
of 100 to 200 »U per kg per hour; this dose was 
estimated (11, 12) to be within the physiologic 
range of endogenous antidiuretic hormone produc- 
tion; the loads in the patient were those (vide 
supra) which had been shown to produce maximal 
free water clearance. All subjects cleared free 
water during the loading infusions without vaso- 
Vasopressin prevented the clearance of 
The “escape” 


pressin. 
free water during the infusions. 
from this vasopressin-induced antidiuresis was as 
rapid in the patients with cirrhosis as in the nor- 
mal subjects. 


DISCUSSION 


These studies confirm numerous observations 
in the literature (2, 3, 13) that total urine volume 
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WATER DIURESIS IN HEPATIC CIRRHOSIS 





INFUSION 











CFO 


mi./min. 





INFUSION 
+ 


Oru Pitressin 

















x 








Fic. 3. RESPONSE OF 





HALF HOURS 


A NORMAL SUBJECT AND FOUR PATIENTS WITH CIRRHOSIS TO IDENTICAL ISO- 
TONIC INFUSIONS WITH AND WITHOUT 10 MU OF PITRESSIN IN THE INFUSATE. 


Note that physiologic 


doses of Pitressin suppressed free water clearance during infusions but that escape occurred normally 


in the patients. 


and free water excretion following water loads 
are limited in some patients with hepatic cirrhosis. 
The limitation is apparent both with oral and in- 
travenous loading. (The glucose and fructose in 
the infusates was rapidly metabolized, blood levels 
returning to the normal range within an hour and 
a half.) It is unlikely that the impairment of diu- 
resis is primarily the result of excessive production 
or persistence of action of ADH. Thus, all pa- 


tients excreted some free water during the tests 
(Tables II and III) and the onset of diuresis with 
mannitol-hexose infusates was as rapid in the 
patients as in the normal subjects (Figure 3). 
This ‘delay time” has been used as a measure of 
endogenous antidiuretic hormone (12). Physio- 
logic doses of Pitressin prevented this clearance 
of free water. Furthermore, the “delay time” of 
“escape” from the administered Pitressin was nor- 


TABLE X 


Effect of five consecutive stages of sodium depletion on response to water loads* in a normal subject on metabolic regimen 











Urine 





Osmo- 
Volumet Crmot lalityt 


H:,Oftt 


lalityt ClnulinT balance Wwt§ 





ml/min 
25.5 
22.2 


ml/min mOsm/L 
19.7 66 
16.9 69 


500 mEq Na* 
100 mEq Na* 
4 mEq Nat* 
Thiomerin once 15.0 12.3 50 
Thiomerin twice 14.0 10.0 79 
Continue 8.4 5.4 99 





mOsm/L mEq/L 
287 138 
288 140 


282 
275 
271 


mEq/L 
105 


ml/min ml keg 
157 — 795 75.73 
176 + 323 73.59 


70.65 
69.13 
69.07 


132 
134 95 
132 94 


142 
124 
129 


+1,405 
+1,567 
+1,944 





C. C., 24 yr old man. 


* 500 ml orally followed by 4% fructose intravenously at 16 ml per min until maximum sustained volume flow 


was established. 
+ At maximum urine flow. 


t Volume of water given minus volume excreted in three hours 


§ At start of day. 
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mal in the patients, suggesting a normal rate of 
inactivation. White, Rubin and Leiter (14) and 
Nelson and Welt (3) have reported apparently 
normal rates of inactivation of vasopressin in 
patients with cirrhosis. The findings do not sup- 
port earlier conclusions (2, 15) which were not 
based upon measurements of free water clearance. 

The urinary sodium excretion was consistently 
lower in the patients than in “normal” subjects 
(Table IX). This could result from excessive 
tubular resorption and from decreased filtered so- 
dium load resulting both from decreased GFR and 
decreased serum sodium concentration. In T.T., 
M.G. and M.P., however, sodium excretion was 
low despite normal GFR and serum sodium con- 
centration. In normal subjects, GFR need not 
fall, as the “defect” in Cryo is induced by sodium 
depletion. See Table X, where a normal sodium- 
depleted subject shows Crg,o of 10 ml per minute 
with GFR of 124 ml per minute (average of 4 Ciy 
periods: range 119.6 to 129.1 ml per minute), and 
a CFy.o0 of 5.4 ml per minute with a GFR of 129 
ml per minute (average of 13 Cyy periods: range 
121.5 to 134.9 ml per minute) after further sodium 
depletion. The findings thus suggest that tubular 
sodium resorption was excessive. (The presence 
of large amounts of aldosterone in the urine of pa- 
tients with cirrhosis and normal sodium-depleted 
subjects (16, 17) suggests that their capacity for 
tubular resorption of sodium is indeed above nor- 
mal.) Despite this, the formation of free water, 
presumably a function of distal tubular sodium 
resorption (4), was limited. The findings thus 
suggest that whether or not the absolute amount 
of tubular sodium resorption was indeed exces- 
sive in these patients, it occurred largely in the 
proximal tubules as isosmotic fluid (18), leaving 
only small volumes of filtrate for distal free water 
generation. This interpretation allows an explana- 
tion of the production of free water in these pa- 
tients with unreabsorbable solute ; the solute would 
“deliver” proximal fluid to the appropriate distal 
site. 

The data provide additional evidence in that the 
production of free water with mannitol is also ac- 
companied by an increase in distal tubular ion 


exchange: the excretion of potassium, presumably 
a distal tubular function (5, 19) rose with manni- 
tol in the patients but not in the normal subjects 


HAROLD P. SCHEDL AND FREDERIC C. BARTTER 


in whom mannitol did not produce an increase in 
free water clearance. 

Birchard, Prout, Williams and Rosenbaum 
(20) reported that some patients with cirrhosis 
and moderate impairment of water diuresis after 
oral loading showed a significantly greater free 
water clearance when the load was given intra- 
venously. Since the enhanced diuresis after in- 
travenous loading was associated with an increase 
in sodium excretion, osmolar clearance, and CFy,0, 
it was suggested that the “determinant” for the 
augmentation of diuresis after intravenous loading 
was the increase in excretion of sodium and other 
solutes. It appears likely that the hexoses in the 
infusates acted in a manner analogous to that of 
mannitol in the present studies; the potassium 
excretion was significantly higher with the in- 
travenous loads (20). Infusion of dextrose tends 
to lower potassium excretion in normal subjects. 
Whereas the results of Birchard and associates 
can thus be explained as a result of delivery of 
proximal sodium to distal sites, data in the present 
study indicate that an increase in sodium excre- 
tion is not necessary for the increase in free water 
to occur. (See, for example, H.F. and T.T., 
Tables VII and IX.) 

Kleeman, Epstein, and White (21) noted that 
maximal urine flow and Cry.o varied directly with 
total solute excretion in normal subjects. Whereas 
the same relationship is apparent in certain of the 
present studies, in some cases free water clearance 
was increased as total solute excretion decreased. 
(See, for example, Table IX, R.C., M.P. and 
M.G.) It is likely that the sine qua non for free 
water formation is delivery of proximal fluid, of 
which solute excretion is generally, but not always, 
an index. 

It is not clear how the infusion of saline solu- 
tions isotonic to the plasma (at the time of infu- 
sion) during sustained water loading can “deliver” 
proximal filtrate to distal sites and so produce 
free water. The phenomenon may represent the 
converse of the decrease in sodium and total solute 
excretion regularly seen with sustained water di- 
uresis. Whereas the GFR did not change con- 
sistently in our own experiments, it may well be 
that there was nonetheless an increment in filtered 
load with the saline infusion. The effect could be 
obtained without significant net increase in total 
body water, but the saline would of course favor 
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expansion of extracellular fluid, and thus a rise in 
GFR (22). Diuresis induced by infusion of 
hypertonic saline solutions in hydropenic rats 
does produce a distal tubular urine more dilute 
than mannitol, urea, or glucose (23). 

The effect of mannitol in increasing free water 
clearance may be attributed in part to a distal ef- 
fect of unreabsorbable solute in preventing reab- 
sorption of free water already formed (24). 
Whereas it is not possible from the present data 
to estimate the contribution of this mechanism, 
it appears to play a minor role in view of the ef- 
fects of sodium chloride infusion just described. 
To explain these effects in this way, one would 
have to postulate selective reabsorption of the so- 
Consequently, 
it appears more reasonable to attribute the major 
effect of mannitol to its action on proximal tubular 
fluid. This is the only mechanism which will also 


dium at a still more distal site. 


explain its effect in increasing potassium excre- 
tion (19). 

Sustained loading with water (hexose) given 
intravenously demonstrated a marked difference 
in susceptibility to the establishment of positive 
fluid balance between cirrhotics and sodium-de- 
pleted normal subjects in comparison with the 
same normal subjects on average and high sodium 
intakes. 
per minute produced positive balances of only 
150 to 363 ml (volume drunk and infused minus 
volume excreted) in three studies in normal sub- 
jects on a sodium intake of 100 mEq per day 
(Tables VII and X). (Ona 500 mEq sodium in- 
take, R.C. had excreted 795 ml more than was 


Infusion for three hours at 15 to 16 ml 


given.) Significantly greater positive balances 
(912 to 2,382 ml) were attained in the normal sub- 
jects when sodium-depleted and in the cirrhotics 
(even on sodium intakes of 100 mEq per day) be- 
cause of their limitation in Cry.o. The water 
load was maintained by these subjects when the 
infusate was changed from hexose to mannitol and 
their Cry.o increased with the unreabsorbable 
solute. Because the normal subjects on regular 
and high sodium intakes were clearing free water 
at approximately the rate at which it was being 
infused, there was loss of part of the water load 
when the infusate was changed to mannitol. An 
increase in endogenous ADH activity as serum 
osmolality rose may have produced the precipitous 
falls in CFg.o shown in Table VII. Williams 


and associates (25) also noted an increase in 
Cry.o with the infusion of 5 per cent mannitol in 
one of three studies in orally hydrated subjects. 
It is worthy of note that the serum osmolality of 
the subject demonstrating the increase in Cry. 
fell from 271 to 267 mOsm per L during the in- 
fusion of the mannitol. The other two subjects 


showed no change and an increase, respectively, 


in serum osmolality from 272 to 276 mOsm per L 


while the mannitol was being infused. 

In five studies of sustained “loading” in cir- 
rhotics, mannitol produced significant increases in 
CFy.o0 while the fluid balance was increasing only 
93 to 156 ml (M.M. had a 385 ml increase). In 
two sodium-depleted normal subjects the increase 
in CFy.0 with mannitol occurred while fluid bal- 
ance was decreasing by 89 and 103 ml. Thus, in- 
fusion of mannitol solutions produced an abrupt 
rise in CFy.o without much increase in and, in- 
deed despite decreases in fluid balance (ignoring 
additional decrements from insensible losses ). 

The responses of normal subjects and of patients 
with cirrhosis to identical 20 ml per kg loads of 5 
per cent mannitol were in striking contrast; the 
normal subjects showed a typical osmotic diuresis 
with no free water, whereas the patients excreted 
substantial volumes of free water. It is unlikely 
that differences in of the 
solution in normal and cirrhotic subjects could in 
short studies, such as these (Figure 4), account 
Indeed, an effect 


distribution identical 


for the differences in response. 
of fluid volume (e.g. in decreasing ADH secre- 
tion) would appear less likely in a cirrhotic than 
in a normal subject. In patients with cirrhosis, 
the release of ADH appears to occur in a quali- 
tatively normal way in response to changes in 
osmolality about their lower than normal level 
(26). 
reabsorption, it is likely that a given amount of 
ADH will be more effective than it is in the pres- 
ence of abundant distal tubular solute. Thus, so- 
dium reabsorption (rather than inappropriate 
oversecretion of ADH) could explain the initial 
low solute levels. 

The clinical counterpart of a defect in free water 
clearance is, of course, the development of hypo- 
natremia. 
rhosis showed significantly lower serum sodium 
and total solute concentrations than did the normal 


With excessive proximal tubular sodium 


As noted above, the patients with cir- 


subjects before loading (lowest row in Tables I 
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Fic. 4. OSMOLAL CLEARANCE (HATCHED AREAS BELOW), FREE WATER CLEARANCE (CFuy.0-CLEAR AREAS 
BELOW), AND URINE VOLUME (HEAVY LINES) IN A NORMAL SUBJECT AND IN A PATIENT WITH CIRRHOSIS 


INFUSED WITH ISOTONIC MANNITOL (HATCHED AREAS ABOVE). 


Note that the cirrhotic, but not the normal 


subject, excreted considerable free water despite the absence of free water from the infusate. 


and II). 
subject will himself develop the defect when so- 
dium-depleted. Table X shows this counterpart for 
a normal subject: as sodium depletion became pro- 
gressively more severe, and “maximal” free water 
clearance decreased, serum sodium concentration 


fell, and net water retention during a standard 
(Table X, “H,O 


Our present data show that the normal 


loading procedure increased 
balance”’ ). 


SUMMARY AND CONCLUSIONS 


Total and “free water” diuresis were studied in 
patients with cirrhosis and in normal subjects be- 
fore and after sodium depletion. “Acute” loading 
was done with 20 ml per kg of a) water by mouth, 
b) water by vein (containing metabolizable hex- 
ose), and c) water containing mannitol by vein. 
Some studies were repeated with Pitressin (vaso- 
pressin aqueous ) added to the infusates. Sustained 


loading was done with water by vein (containing 
metabolizable hexose) followed by water contain- 
ing mannitol or saline. 

Patients with cirrhosis excreted less free water 
than did normal subjects given identical loads by 
mouth or by vein. It is unlikely that the defect 
is primarily the result of excessive secretion or 
persistence of action of antidiuretic hormone, since 
a) all excreted some free water with loading, D) 
physiologic doses of vasopressin prevented this, 
c) the “escape” from this vasopressin occurred at 
a normal rate, and d) mannitol or saline infusion 
increased free water excretion in patients with 
cirrhosis and in sodium-depleted normal subjects, 
but decreased it in normal subjects receiving ade- 
quate sodium. The increase, which was often ac- 
companied by increased excretion of potassium, 
could be produced despite decreases in total solute 
and sodium excretion. 
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It is suggested a) that the defect in free water 
clearance represents relatively excessive reabsorp- 
tion of sodium in proximal tubular sites where re- 
absorption is isosmotic with filtrate, and >) that 
the mannitol and saline in the infusates act by 
“delivering” proximal fluid to distal sites where 
free water is generated. 
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With recent advances in knowledge of coagula- 
tion, the relation of specific clotting factors to the 
formation of intravascular thrombi and to the 
action of anticoagulant drugs has come under 
fresh scrutiny. The recognition of each new co- 
agulation entity has, in fact, posed the problem 
of determining its precise role in thrombus forma- 
tion as well as in blood coagulation. Since some 
of these factors are said to exist in precursor form 
in plasma and in an active form in serum (1, 2) 
and others may undergo activation after contact 
with foreign surfaces (3, 4), the possibility must 
also be considered that qualitative as well as quan- 
titative alterations in these factors might be op- 
erative in patients with thromboembolic disease. 

To examine the influence of specific coagula- 
tion factors on the formation of thrombi, an in 
vivo technic using human blood and blood prod- 
ucts in rabbits was developed in this laboratory. 
It is based on the finding that the systemic in- 
fusion of serum, in contrast to plasma, rapidly 
induces massive thrombosis in vascular segments 
containing stagnant blood far removed from the 
site of infusion (5). The activity in serum re- 
sponsible for thrombosis arises during coagulation 
and is not species-specific. The phenomenon of 
in vivo thrombosis is quantitatively related to the 
amount of serum infused and has formed the basis 
of a bioassay for measuring the serum thrombotic 
accelerator (STA) activity of normal human se- 
rum (6). In an effort to define the factor(s) 
in serum required for the induction of thrombus 
formation, the STA activity of normal human sera 
has been compared with that of sera obtained 
from patients with known heredofamilial coagula- 
tion defects. This report presents the results of 
this study. 


* This study was supported by a research grant 
(H-1027) from the National Heart Institute, Bethesda, 
Md. and by a grant-in-aid from the American Heart 
Association. 


MATERIALS AND METHODS 


Sera from normal subjects and from patients with 
heredofamilial coagulation defects were prepared for in- 
fusion into rabbits, as previously described (6). Freshly 
drawn blood, transferred from glass syringes to centri- 
fuge tubes, was allowed to clot for 2 hours at room tem- 
perature and for an additional 18 hours at 4° C. The 
serum was then separated from the formed elements by 
centrifugation at 2,500 G at 4° C for 20 minutes. We 
are acutely aware of the advantages of studying the be- 
havior of coagulation factors in freshly drawn _ blood. 
However, for the purposes of standardization all sera 
used in this study had been frozen prior to infusion. This 
was necessitated by the fact that in many instances sera 
were obtained from patients living at a great distance 
from Boston. The serum samples} used in this study 
were deficient in one of the following clotting factors: 
Factor V (ac-globulin), Factor VII (convertin), 
tor VIII (antihemophilic factor), Factor IX (plasma 
thromboplastin component, PTC), Factor X (“Stuart’’ 
factor), Hageman factor and plasma _ thromboplastin 
antecedent (PTA). 

Thrombus formation was measured in the rabbit by a 
standard technic (6). Briefly, human serum (1.32 ml/kg 
of rabbit diluted with physiological saline to a constant 
volume) was infused into the marginal ear vein. Im- 
mediately following the infusion the previously freed 
contralateral jugular vein was gently isolated with 
clamps and 10 minutes later the segment was opened and 
examined for the presence of a thrombus. The extent of 
thrombosis was graded on a scale of 0 to 4: a score of 0 
represented no thrombus formation; a score of 1, a few 
macroscopic strands of fibrin; a score of 2, several small 
thrombi; a score of 3, 2 or more large thrombi; and a 
score of 4 represented a complete thrombus forming a 
cast of the lumen. 

Thromboplastin generation was measured by the 
method of Biggs and Douglas (7); clotting time by the 
method of Lee and White (8); one-stage prothrombic 
activity bv the method of Rosenfield and Tuft (9); pro- 


Fac- 


1The ..aors are grateful to the following investiga- 
tors for serum samples used in this study: Dr. Benjamin 
Alexander, Boston; Dr. John Graham, Chapel Hill; Dr. 
Aaron M. Josephson, Chicago; Dr. Jessica Lewis, Pitts- 
burgh; Dr. Fred Rabiner, New York; Dr. Oscar Ratnoff, 
Cleveland; Dr. Robert Rosenthal, New York; Dr. Her- 
bert Sise, Boston. 
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thrombin, Factor V, and Factor VII activities by the 
methods of Owren and Aas (10, 11); and Factor X ac- 
tivity by the method of Bachmann, Duckert and Koller 
(12). 

In some instances, additional confirmation of the de- 
fects was obtained by cross correction experiments in the 
thromboplastin generation test. The probability that the 
STA activity in any defective serum was significantly dif- 
ferent from that in normal serum was determined by the 
“exact method for small numbers” (13) and a result 
with p < 0.05 was called “significant.” 2 


RESULTS 


The coagulation defects of the plasma and serum 
of the 20 patients used in this study were con- 
firmed in our laboratory. The frequency of the 
various score thrombi resulting from the infusion 
of their sera is shown in Table I. The data indi- 
cate that, at a dose of 1.32 ml of serum per kg of 
rabbit, sera obtained from patients deficient in 
Factor V, Factor VII, Factor VIII, and Fac- 
tor X contain STA activity in a quantity essen- 
tially the same as that of normal serum. In strik- 
ing contrast, sera from patients deficient in Hage- 
man factor and Factor IX are essentially devoid 
of this activity (p < 0.05). Finally, sera from pa- 
tients deficient in PTA exhibit a measurable but 
significantly smaller amount of STA activity than 
do normal sera. 

The infusions with Factor VII-deficient sera 
warrant more detailed consideration. Sera from 
Factor VII-deficient Patient 1 were collected on 4 
separate occasions: 5 infusions with the first sam- 
ple failed to induce a thrombus and 1 infusion in- 
duced a score 1 thrombus; but with 3 subsequent 
serum samples, 10 infusions (4, 3, and 3 infusions, 
respectively ) each induced a score 4 thrombus. It 
is believed that, taken together, all the observations 
on Factor VII-deficient sera from Patients 1 and 
2 indicate that this factor is not required for the 
evolution of STA activity. We have, however, 
no ready explanation for the failure of Factor VII- 
deficient Patient 1 to evolve this activity with the 
first sample of serum obtained. 


DISCUSSION 


In vitro systems utilizing partially purified 
plasma or serum fractions have been helpful in un- 
raveling some of the sequential biochemical reac- 

2 We are grateful to Dr. Mindel Sheps, Assistant Pro- 


fessor, Department of Preventive Medicine, Harvard 
Medical School, for these statistical analyses. 


TABLE I 


STA activity of various sera 











Degree of thrombosis 





No. of 


Coagulation 
infusions 0 1 2 3 4 


defect Subject 
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Factor V 
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Factor VII 
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Factor VIII 
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Hageman 


Factor IX 
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* Thirty infusions (6 from each subject) of carefully 
collected plasma all failed to induce a clot. 
t Cf. “‘Results’’ for comment. 


tions that result in the elaboration of intrinsic 
thromboplastin and the eventual deposition of a 
fibrin gel. As a result of investigations of coagu- 
lation defects in patients with hemorrhagic dis- 
eases, the importance of various clotting factors in 
hemostasis has been substantially clarified. It re- 
mains to be demonstrated, however, whether these 
factors, other than thromboplastin (5, 14) and 
thrombin (5, 15), play a significant role, individu- 
ally or collectively, in the pathogenesis of experi- 
mental intravascular thrombosis, let alone patho- 
logic thrombosis in man. 

It has been suggested, for example, that Factor 
VII may play a key role in initiating coagulation 
in vivo (16). It is well known that Factor VII 
will accelerate the coagulation of shed blood in 
vitro (17-19) and several investigators have dem- 
onstrated a temporary rise in the convertin com- 
plex during pregnancy and in the puerperium—a 
period when venous thrombosis and pulmonary 
embolism are not uncommon (20-23). However, 
no causal relationship has yet been demonstrated 
between increased levels of circulating Factor VII 
and the deposition of in vivo thrombi in man. An 
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experimental approach to this possible relationship 
has been achieved in this study and valuable in- 
formation obtained. Thus, the rabbit assay of hu- 
man sera, prepared from blood deficient in Fac- 
tor VII, has indicated that the active form of the 
proconvertin-convertin complex is not required 
for thrombus formation. These results are in ac- 
cord with previous observations in this laboratory 
on dogs (24). 

Although the identity of the STA activity of 
normal serum remains obscure, certain facts stand 
out. The data indicate that it is related, directly 
or indirectly, to at least three first phase coagula- 
tion factors (Factor IX, Hageman and PTA) and 
possibly to the complex evolved during coagula- 
tion and characterized as “intrinsic thrombo- 
plastin.” Moreover, STA activity is distinct from 
tissue thromboplastin (5), thrombin (5, 6), and 
prothrombin (5, 6) as well as from Factor V, 
Factor VII, Factor VIII and Factor X. STA 
activity may have a specific and significant role 
in the development of intravascular thrombosis in 
man. Elucidation of this hypothesis must await 
biochemical studies directed toward its isolation, 
purification and characterization. 

A major thesis of anticoagulant therapy has 
been the assumption that a predisposition to throm- 
bosis can be effectively blocked by decreasing the 
blood levels of one or more coagulation factors. 
Here, too, there has been little direct experimental 
basis for assuming that reduction of any single 
factor depressed by the coumarin drugs, for ex- 
ample, is responsible for protecting a patient 
against thrombosis. The present study, using 
sera with known specific clotting defects, eluci- 
dates this point. Sera from patients deficient in 
Factor IX, Hageman and PTA completely or par- 
tially failed to induce in vivo thrombus formation. 
Of these three factors Factor IX alone is reported 
to be reduced by Dicumarol (25). In previous ex- 
periments in dogs it was demonstrated that marked 
depression of prothrombin and factor VII by Di- 
cumarol did not block serum-induced thrombosis 
(24). It is possible that the antithrombotic effect 
of Dicumarol is related to its depression of Fac- 
tor IX rather than to its effect on prothrombin, 
Factor VII or Factor X. Such a hypothesis 
is susceptible to direct experimental examination 
in man, using the rabbit assay of STA activity. 

Previous observations in this laboratory have 
suggested that anticoagulant and antithrombotic 
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effects may not be identical and that methods suit- 
able for recognizing the one may not be adequate 
for characterizing the other (24). In this study 
the fact that the infused sera were defective in sup- 
porting thromboplastin generation, or exhibited 
high residual prothrombin or low Factor VII, or 
Factor X gave no clue, per se , that in vivo throm- 
bus formation would not occur. 

Finally, this investigation has provided evidence 
that the technic of serum-induced thrombosis of- 
fers a reproducible, physiologic method for the 
experimental study of thromboembolic disease and 
for defining the possible role of coagulation factors 
in the formation of intravascular thrombi. 


SUMMARY 


Utilizing the rabbit assay as a quantitative meas- 
ure of the serum thrombotic accelerator (STA) 
activity of human serum, STA activity of normal 
human sera was compared with that of sera ob- 
tained from patients with known heredofamilial 
coagulation defects. 

Human sera obtained from patients deficient in 
Factor V, Factor VII, Factor VIII or Factor X 
contain normal STA activity. In striking con- 
trast, sera from patients deficient in Factor IX 
or Hageman factor are essentially devoid of STA 
activity. Finally, sera from patients deficient 
in plasma thromboplastin antecedent have a sig- 
nificantly less than normal but a measurable quan- 
tity of STA activity. 

The rabbit assay of human STA activity as a 
useful tool in the evaluation of the efficacy of anti- 


coagulant therapy is discussed. 
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Bilateral nephrectomy of the dog is associated 
with the development of hypertension (1), cardio- 
vascular injury (2), and a hemolytic state (3). 
The cardiovascular injury is characterized by 
cardiac necrosis, followed in time by fibrosis; and 
arteriolar necrosis, followed by arteriolarsclerosis 
(4). The hemolytic state may be identified by a 
shortening of the survival of the erythrocytes in 
vivo (5). The hypertension of bilateral nephrec- 
tomy has been shown to be aggravated by sodium 
(6), sodium and dietary protein (7), and sodium 
plus alanine, lactate or pyruvate (8). The evalua- 
tion of this type of hypertension, as observed in 
the dog, has been standardized in our laboratory by 
giving the animal a prescribed amount of protein 
by diet and of sodium by vein (7). 

In the currently reported experiments groups 
of nephrectomized dogs, receiving a prescribed 
amount of protein and sodium, were subjected to 
measurement of the arterial pressure and of the 
survival of the erythrocytes. After sacrifice, tis- 
sue from the viscera was prepared and the wall/ 
lumen ratio of the arterioles was measured as an 
index of the state of the arteriolar wall. Certain 
of these groups had the renal oblation after ex- 
plantation of renal tissue either to the peritoneum 
or lungs. The experiments were designed to test 
for the existence of antihypertensive and antihemo- 
lytic functions of renal tissue which were devoid of 
excretory function. 


METHODS 


Explantation procedures 


Group I: Whole kidney explanted to peritoneum. In 8 
dogs the whole kidney was explanted to the peritoneum 
under sodium pentobarbital anesthesia as follows. 1) The 
left kidney was removed through an anterior midline ab- 


dominal incision. 2) The renal capsule was stripped and 


* Supported by a grant from the National Heart In- 
stitute, Bethesda, Md. 


with a large single-edged razor blade, using a wooden 
block for a platform, the kidney was cut into serial cross 
sections about 3 to 4 mm in thickness, and the larger 
blood vessels at the hilum on each side of the papilla 
were cut away. 3) The segments of the kidney were 
placed in Gey’s solution (15 to 20 ml) in a small War- 
ing blendor, and the blendor was operated for 30 sec- 
onds. 4) The remains from the blendor were pressed 
through a siliconized sieve (32 meshes per inch) into a 
beaker, with the aid of the closed end of a siliconized test 
tube. Small volumes of Gey’s solution were added 
through the sieve to assist in this procedure. 5) The sus- 
pended bits of tissue (about 1 mm or less in size) were 
centrifuged in plastic tubes (2,000 rpm) and washed once 
in abundant Gey’s solution by agitating them back into 
suspension, then recentrifuging. 6) The final suspension 
was made to 100 ml in a beaker, and to this suspension an 
antibiotic mixture was added so as to contain in the final 
100 ml volume the following: polymyxin B sulfate, 100,000 
units (10 mg equivalent) ; neomycin sulfate, 100 mg (70 mg 
neomycin base equivalent) ; and bacitracin, 10,000 units. 
7) The final suspension was injected into the peritoneal 
cavity through an indwelling polyethylene tube. The 
entire procedure, from clamping of the renal pedicle to 
the injection, required about 15 minutes. Sterile operating 
room precautions were used throughout. 

Twelve to 33 days later (average 26 days), the op- 
posite or right kidney was removed through a posterior 
incision, care being taken not to invade the peritoneal 
cavity. In the interval between the nephrectomies the 
animals were fed a mixture of commercially obtained dog 
biscuits and canned food for dogs. 

Group II: Explantation of medulla to lungs. In 8 dogs 
the explantation procedure was conducted under open 
drop ether anesthesia. The left kidney was removed; 
the capsule was stripped and the kidney was cut into 
serial cross sections as before. Next, with each cross 
section on its side, the fibrovascular segments on each 
side of the papilla were removed; with a single-edged 
razor blade the cortex was separated from the medulla 
precisely at the vascular arcade. The cortex was dis- 
carded and the medulla, from the vascular arcade to the 
papillary tip, was placed in the Waring blendor, and from 
then on treated in the same manner as the whole kidney 
with the exception that antibiotics were not added. 
The renal tissue in the blendor amounted to 30 per cent 
of the entire kidney by weight (average amount 88 g). 
The medullary particles were washed 2 to 3 times in 
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abundant Gey’s solution. The final suspension was in- 
jected intravenously into a forepaw vein, the plunger of a 
50 ml syringe being driven home as rapidly as possible. 
From the time the kidney was removed to completion of 
the injection, about 15 to 20 minutes was_ required. 
After the operation, the animal received one injection of 
penicillin (500,000 units). 

No reactions occurred when washed medullary particles 
were infused intravenously. Experiments with whole 
kidney, prepared and infused intravenously in the same 
manner, were unsuccessful owing to pulmonary edema, 
anoxia, convulsions and death. Thus, cortical tissue ap- 
peared to initiate acute and lethal pulmonary complica- 
tions. Twelve to 47 days after the intravenous injection 
(average 24 days) the right kidney was removed, and 
the experiment proceeded as with the other groups. 

Group III: Outer medulla explanted to peritoneum. 
In 8 dogs the outer medulla, that is, the renal medulla ex- 
clusive of the main bulk of the papilla, was treated in the 
same fashion as the whole kidney and injected into the 
peritoneal cavity. The amount of renal tissue placed in 
the blendor averaged 5.6 g. Nineteen to 33 days later 
(average 23 days) the right kidney was removed, and the 
experiment was continued as with the other groups. 

Group IV: Cortex explanted to peritoneum. In 8 dogs 
the renal cortex was explanted to the peritoneum by the 
same procedure used for the whole kidney and outer 
medulla. In 4 of these animals the entire cortex, the 


zone from the vascular arcade to the capsule, was used. 


The amount of tissue placed in the blendor amounted to 
64 to 69 per cent of the kidney by weight (average 66 per 
cent). In 4 animals the outer half to two-thirds of the 
cortex, or a portion of outer cortical tissue amounting to 
40 per cent of the kidney by weight, was used. Nineteen 
to 42 days after the explantation (average 28 days) the 
opposite or right kidney was removed, and the experiment 
proceeded as with the other groups. 

Group V: Spleen or liver explanted to peritoneum. 
The spleen was explanted to the peritoneum in 5 dogs, and 
a portion of the liver was explanted to the peritoneum in 
2 dogs; at the same time the left kidneys were removed. 
The weight of the splenic or hepatic tissue placed in the 
blendor was gauged by the weight of the entire left kid- 
ney. For the spleen, the weight of tissue averaged 85 per 
cent of the weight of the left kidney; for the liver, an 
amount averaging 108 per cent of the left kidney by 
weight was used.. Both tissues were prepared as the 
whole kidney was prepared. The entire spleen was re- 
moved (weight, 18.6 to 25 g) from the 5 dogs, and one 
lobe of the liver (weight, 22.2 and 32 g) was removed 
from the other animals. Twelve to 26 days later (av- 
erage 19 days), the right kidney was removed and the ex- 
periment was conducted as for the other groups. The 
antibiotic mixture used in the explantation procedure to 
the peritoneum was tested for toxicity against monkey 
kidney cells and Hela cells in tissue culture. The cells 
were maintained for 7 days without any cytopatho- 
logic change. Similar cells in the same medium containing 
minimal amounts of penicillin and streptomycin served 
as controls. 
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Group V1: Bilateral nephrectomy without explantation. 
A group of 10 dogs was subjected to bilateral nephrec- 
tomy and then treated in the same way as the above 
groups with respect to diet and sodium intake. The ex- 
periments in this group were purposely interspersed 
among the explantation experiments (1 to 3 with each 
explantation group). This group constituted a reno- 
prival control paired with the explantation groups. In 
comparing the results of the groups having renal explants 
with those following bilateral nephrectomy, the values ob- 
tained in the present group of 10 nephrectomized dogs 
were combined with the results from 28 dogs which had 
been similarly managed (7) . This approach was justified 
by the lack of a significant difference in the changes in 
arterial pressure between the two groups of nephrecto- 
mized animals. 

Experimental protocol. Mongrel dogs (males and non- 
pregnant females) were used. The mean arterial pres- 
sure was measured by direct femoral artery punc- 
ture and a mercury manometer. The original control ar- 
terial pressures were obtained for 4 to 7 days before the 
first nephrectomy in the explantation groups, and before 
the nephrectomies in the renoprival group. Two to 7 
weeks after the explantation, the right or opposite kidney 
was removed under ether anesthesia. In the interval be- 
tween the nephrectomies the mean arterial pressure was 
taken periodically. The final control arterial pressure 
was taken prior to the second nephrectomy. The changes 
in mean arterial pressure during the 4 days subsequent 
to the second nephrectomy were derived by two ap- 
proaches: by considering the initial control pressure as 
the zero control; and by considering the final control 
pressure as the zero control. There was no statistical 
difference in the two approaches of analyzing the data, 
apparently due to minimal changes in the arterial 
pressure between the nephrectomies. In this presenta- 
tion, the final control arterial pressure is considered as 
the zero base line for evaluating the changes of the ex- 
planted groups after the second nephrectomy. 

The body weight was obtained before and after the 
nephrectomies. Each kidney was weighed upon removal. 
The difference between the whole kidney weight and the 
tissue discarded (the capsule, that cut away, and that 
remaining on the sieve as a residue) was the amount 
treated in the blendor (see Table I). No attempt was 
made to determine how much renal tissue was lost in the 
blendor through homogenization. After the second ne- 
phrectomy, the diet consisted of a special formula, previ- 
ously described (Diet no. 1) (7), which consisted of 3 to 
4 g of protein (casein) per kg per day, a hypocaloric con- 
tent (about 24 calories per kg per day) and a low elec- 
trolyte content. Physiologic saline was infused intrave- 
nously (16 ml per kg per day). The diet and saline were 
given once daily. The general design of the experiment 
was the same as that used previously (7, 8). After the 
second nephrectomy, the mean arterial pressure was ob- 
tained twice daily about 5 to 6 hours apart for 4 days. 

Morphologic protocol. Four days after the second 
nephrectomy the animals were sacrificed and autopsies 
were performed. Tissues from the viscera were fixed in 
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TABLE I 


Effect of whole kidney implantation on postnephrectomy hypertension * 








Kidney wt. 
First (left: 
injected) 
Second (right) 


Body wt. 
ist to 2nd neph. 
After 2nd neph. 


No. of 


Group dogs Body wt. 


Mean arterial pressure 

Days - ~- = 
between Protein Before 

nephs. in diet 2nd neph. 


Change 


Control 4th day 





kg g 
17.5-32.5 
(24.8) 
17.2-43.8 
(28.7) 


23.0-36.0 
(30.2) 

6.5-12.0 
(8.8) 

26.1-37.6 
(33.6) 


10.4-15.9 
(12.8) 


16.5—34.5 
(25.6) 

4.0— 8.5 
(5.9) 

17.5-35.7 
(28.5) 


—0.68—+0.68 
( —0.06) 


20.0—-34.3 
(26.7) 

8.0-20.3 
(13.8) 

20.5-38.2 
(32.0) 


18.6—27.3 
(22.5) 

13.0—32 
(20.7) 

20.0—-56.1 
(30.0) 


VI 10 


(8.9) ( —0.24) 


g/ke/day mm He mm Hg 


105-130 105-125 


(115) 


—10-+5 
(+1.0) 


2.6-6.0 


110-130 
(119) 


110-130 
(119) 


+-5-—-+50 


(+24) 


105-130 
(119) 


105-130 
(114) 


105-130 
(118) 


100-120 
(108) 


+-10-+35 
(+21) 


12-27 
(19) 


3.6-4.4 
(3.8) 


100-150 
(115) 


4-10-+45 
(+27) 


0-4 2.7-4.7 


(3.5) 





* These data summarize the main features of the various groups. The figures separated by a hyphen represent 


the range of the particular value while the figure in parentheses represents the corresponding mean value. 
“injected” in column 5 is meant the amount of tissue prepared in the blendor for injection as explant. 


body weight; neph. = nephrectomy. 

10 per cent neutral formalin and sections of about 5 yw in 
thickness were stained with hematoxylin and eosin. The 
renal explants were also fixed in Zenker’s formal for 24 
hours, washed in running water for 48 hours, and then 
stained with crystal violet (9). In addition, the explanted 
tissue was stained using the periodic acid Schiff reagent 
procedure (PAS) (10) and Verhoeff’s stain for elastic 
fibers (11). 


Technique of analysis 


Wall/lumen ratio. The state of the visceral arterioles 
was appraised by measurement of the ratio of the wall 
thickness to the diameter of the Jumen as previously de- 
scribed (12, 13). An elevation of this wall/lumen ratio 
may be considered indicative of arteriolar thickening, a 
change which occurs in hypertensive cardiovascular dis- 
ease (14). Measurements of the wall thickness and lu- 
menal diameter of arterioles were obtained in a blind 


study. The study was confined to arterioles less than 100 


By the term 
Kg = kilogram 


u in outside diameter in the fixed preparation as found in 
the heart, adrenal capsule, gastrointestinal tract, pancreas, 
liver, and urinary bladder. 

Red blood cell survival. The survival of the erythro- 
cytes was evaluated in their native environment over 3 
days’ time by means of the radiochromium method (15). 
Twenty ml of heparinized whole blood was incubated 
under sterile conditions with 25 to 50 uc of Cr™ (specific 
activity 55 mc per mg Cr), at 37° C for 30 to 45 minutes. 
The plasma was removed and the red cells were washed 3 
times with cold sterile saline, using centrifugation. The 
washed erythrocytes, suspended in an equal volume of sa- 
line, were injected intravenously. The base line sample 
(100 per cent value) was taken 24 hours later. There- 
after, a blood sample for measurement of radioactivity 
was obtained each 24 hours for 3 days. Data from the 
explanted groups and the nephrectomized group were 
compared with those from a normal group of 10 dogs. 

Standard laboratory procedures. The plasma urea con- 
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centration was determined before the second nephrectomy 
and at the end of the experiment 4 days later by means 
of a urease method (16). The red blood cell count, he- 
moglobin concentration (17), hematocrit reading (18, 19), 
reticulocyte count (20), white blood cell count, and 
platelet count (direct and indirect methods) (20, 21) 
were determined before the first nephrectomy, before the 
second nephrectomy, and in all but one group (explanta- 
tion of renal cortex) 4 days after the second nephrectomy. 
On these occasions the direct antiglobulin (Coombs’) 
test was also conducted on the circulating erythrocytes 
with the use of a canine antiglobulin serum prepared in 
rabbits in our laboratory (22). 


Statistical methods 


Mean arterial pressure. The change in mean arterial 
pressure when related to time appeared to describe a 
straight line. These data were fitted to a straight line 
function (y= Ax+b) by the method of least squares. 
The regression coefficients were tested for linearity, and 
the regression coefficients of each group were compared 
by t test as described by Batson (23). The correlation 
coefficient calculated from the least squares fit was tested 
against zero by ¢ test (24). 
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Red blood cell survival. For the four day study period 
the red cell survival curve is linear. These data were 
tested and compared in the same manner as was the ar- 
terial pressure. 

Wall/lumen ratio of arterioles. A frequency distribution 
plot of the wall/lumen ratio described a curve skewed to 
the left. Transformation, using the logarithm of the wall/ 
lumen ratio, produced a normal curve. A ¢ test was used 
to compare the means of the different groups (24). 

Kidney weight. When the two kidneys in any one dog 
are considered as nonindependent samples, the difference 
between them should be zero. Comparison of the mean 
difference of the various groups was accomplished by ¢ 
test (24). 

Blood urea concentration. A t test was used to com- 
pare the means of the different groups (24). 


RESULTS 
Mean arterial blood pressure 


Group I: Whole kidney explanted to peritoneum 
(see Figure 1, Tables I and II). When whole kid- 
ney was explanted to the peritoneum no change in 
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CHANGES IN THE MEAN ARTERIAL PRESSURE OBSERVED FOR GROUP I| 
KIDNEY EXPLANTS INTO THE PERITONEUM 


(8 pocs). A 


comparison with the changes in arterial pressure following bilateral nephrec- 


tomy is depicted. 


The same general scheme is used in Figures 1 through 


5. The solid line represents the average arterial pressure for the explanta- 


tion group. 
lateral nephrectomy (38 dogs). 


The broken line represents the average pressure following bi- 
The panel on the left relates a scattergram 


and average value of the mean arterial pressure before the first nephrectomy 
and explantation and the pressure before the second nephrectomy (in this 
case 12 to 33 days later). The panel on the right relates a scattergram and 
average of the changes in the mean arterial pressure for the four days follow- 
ing the second nephrectomy. The black portion of the inset indicates the area 
of renal tissue explanted. The “p” value was derived by an analysis of slopes 


fitted to the data of the explanted and the nephrectomized groups. 
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TABLE II 
Statistical analysis of the changes in mean arterial pressure 








p 
Group vs. 
Group VI 


es 
Slope vs. 
zero 


mm/day 
0.336 
— 1.188 
3.558 
6.191 
3.055 
6.296 





the mean arterial pressure occurred following re- 
moval of the second kidney. The average mean 
arterial pressure for the group was 115 mm Hg 
before the first nephrectomy, and remained the 
same 12 to 33 days later, and prior to the second 
nephrectomy. After the second nephrectomy this 
average value also remained the same. A slope 
fitted to these data yielded no significant difference 
when compared to zero (p= 0.9). Following bi- 
lateral nephrectomy and the same intake of sodium, 
water, protein and calories, the mean arterial pres- 
sure was sharply elevated (average increment of 
mean pressure over control + 28 mm Hg). A 
slope fitted to these data yielded a significant dif- 
ference from zero (p= 0.001). Analysis of the 
slopes fitted to the data on the arterial pressure of 
Group I (whole kidney explants) and the ne- 
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phrectomized groups, demonstrates a significant 
difference between these two groups (p = 0.001). 
Thus, whole kidney explantation appeared to pro- 
tect against accelerated hypertension occurring un- 
der these circumstances. 

Group II: Renal medulla explanted to lungs 
(see Figure 2, Tables I and II). Renal medulla 
explanted to the lungs was associated with a slight 
elevation of the average value of the arterial pres- 
sure for the entire group during the first two days 
due to early and transient hypertension in two 
dogs. This was followed by return of the average 
value to the base line. The slope of the line was 
not significantly different from zero (p= 0.2). 
The statistical difference between the regression 
coefficient of the line for the bilateral nephrectomy 
group and the group with medullary explants to 
the lungs was significant (p = 0.001). Thus, ex- 
planted renal medulla also appeared to protect 
against the accelerated hypertension of bilateral 
nephrectomy. 

Group III: Outer medulla explanted to peri- 
toneum (see Figure 3, Tables I and IJ). When 
outer medulla was explanted to the peritoneum, the 
slope derived from the change in arterial pressure 
over the control value was significantly different 
from zero (p = 0.001). This finding indicates an 
elevation in the arterial pressure for this group. 
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OUTER RENAL MEDULLA EXPLANTED TO PERITONEUM 
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CHANGES IN MEAN ARTERIAL PRESSURE OBSERVED FOR GrouP III RE- 


CEIVING EXPLANTS OF OUTER RENAL MEDULLA INTO PERITONEUM. 


However, when the slope of the outer medulla 
group was compared with that following bilateral 
nephrectomy, a significant difference remained 
(p = 0.04). The observations may be taken to in- 
dicate that outer renal medulla explanted in this 
fashion is partly protective against the hyper- 
tension. 

Group IV: Renal cortex explanted to peri- 
toneum (see Figure 4, Tables I and II). When 
the entire renal cortex or the outer portion of 
the cortex was explanted to the peritoneum, no 


protection against hypertension occurred upon 
removal of the second kidney and the intake of 
sodium and dietary protein (slope vs. zero, p= 
0.001). Analysis of the slopes derived from the 
changes in arterial pressure for this group and the 
nephrectomized group revealed no significant dif- 
ference (p= 0.9). 

Group V: Spleen or liver explanted to peri- 
toneum (see Figure 5, Tables I and II). This 
group was not protected against hypertension (p 
vs. zero 0.001; vs. bilateral nephrectomy 0.1). 
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SPLEEN-(5) OR LIVER-(2) EXPLANTED TO PERITONEUM 
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CHANGES IN MEAN ARTERIAL PRESSURE FOR GROUP V 


DAYS 


RECEIVING EX- 


PLANTS OF SPLEEN OR LIVER INTO PERITONEUM. 


Body weight (Table !). 
between nephrectomies, 13 of the 24 animals in 


During the interval 


the groups receiving explants of whole kidney or 
renal medulla, Groups I, II and III, lost weight 
(—0.9 to — 3.0 kg), while 11 animals either 
gained weight or lost none (0 to + 1.3 kg). Fol- 
lowing the second nephrectomy, most of these 
animals lost a slight amount of weight during the 
four days of observation (average — 0.2 to — 0.57 
kg). Of the 15 animals in the groups receiving 
explants of renal cortex, spleen, or liver, eight lost 
weight (— 0.4 to — 1.9 kg) between the nephrec- 
tomies while seven either gained weight or lost 
none (0 to + 1.3 kg). After the second nephrec- 
tomy the weight loss was comparable to that of 
the other groups (average — 0.4 and — 0.6 kg). 
The average weight loss during the four days fol- 
lowing bilateral nephrectomy of Group VI was 


TABLE III 


Statistical analysis of the data on the wall/lumen 
ratio of arterioles 


Log Group 
mean W/L vs. 
x 10) SE normal 


Group 
vs. 
Group VI 


0.001 
0.001 
0.04 


Group 
Normal 0.6042 

I 0.6430 
IV 0.6953 
VI 0.7405 


0.00939 
0.0136 
0.01410 
0.0138 


0.02 
0.001 
0.001 


— 0.24 kg. 


state of the body weight did not bear directly on 


From these data it appears that the 


the state of the mean arterial pressure since lack 
of hypertension and the presence of hypertension 
were about equally distributed among animals los- 
ing, gaining, or having steady body weight. 
Weight of kidneys (Tables land V). The right 
kidney (obtained at the second nephrectomy ) 
weighed more than the left kidney in 19 of the 
24 observations of Groups I, II], and II] combined. 
The mean difference of all 24 observations was 
+3.43 g. 
Groups IV and V combined, weighed more than 
the left. The 


weight of the kidneys from 16 normal dogs in the 


The right kidney of all 15 dogs in 
The mean difference was + 6.47 g. 


type of colony used in the experiments was ob- 
tained after bilateral nephrectomy performed at 
the same time. In these cases the right kidney 
usually weighed slightly more than the left kidney. 
The mean difference was + 0.513 g. In Table V 
it may be noted that the differences in kidney 
weight between combined Groups I, II, and III, 
and Groups IV and V, and the normal group were 
significant. Moreover, the difference between 
Groups I, I], and III, and Groups IV and V was 
also significant. These data indicate a greater 
degree of hypertrophy of the remaining kidney in 
groups which subsequently became hypertensive 
(Groups IV and \V) than was observed with the 
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groups which were protecte 
tension (Groups I, II, and 
tion implies partial protect 
medulla 


containing renal 


d against the hyper- 
II). 
ion by the explants 
hypertrophy 


This observa- 


against 


during the 19 to 28 days of observation. 
Wall/lumen ratio of visceral arterioles (Table 


IIT). 


The wall/lumen ratio 


was increased over the normal in all groups. 
this approach a disparity see 


of visceral arterioles 
By 
med to exist between 


the degree of protection against hypertension and 


protection against arteriola 


r change. Analysis 


of the data, however, suggests some protection 


against arteriolar thickening 
plants. 


by whole kidney ex- 


Thus, the results from Group I (whole 


kidney explantation) were nearer the normal than 


the results from the other gr« 
edly different from those of 
nephrectomy ) ; and the result 


ups, while also mark- 
Group VI (bilateral 
s from Group IV (re- 


nal cortex explantation) were markedly different 


from the normal and to a greater extent approxi- 
mated those following bilateral nephrectomy than 


did the results from Group 
Survival of erythrocytes 


IV). 


75 


50 


% Cy 
100 
REMAINING 


4 
A 


75 


I. 
(Figure 6 and Table 


The slope of disappearance of radioactivity 


from the peripheral blood over the three days of 
observation when erythrocytes were tagged with 
radiochromium was not different when the group 
with whole kidney explants was compared with 
the normal (p=0.6). The slope of disappear- 
ance of radioactivity following bilateral nephrec- 
tomy and following explantation of the renal cortex 
did not differ from each other (p= 0.6), while 
both of these slopes differed from the normal group 
and the group receiving whole kidney explants 
(p = 0.001 and < 0.001). 
nal medulla was partly protective toward the he- 
molytic state. The slope derived from the changes 
in radioactivity following explantation of renal 
medulla was not different from that following 
whole kidney explantation (p = 0.2), but it dif- 
fered from that obtained from normal dogs (p = 
0.02), and that obtained following explantation of 
renal cortex (p = 0.001). 
(Table V1). 
was observed on the fourth day following the sec- 
The level of azo- 


Explanation of the re- 


Azotemia Prominent azotemia 
ond nephrectomy in all groups. 
temia observed in Groups III and IV was not dif- 


ferent from that following bilateral nephrectomy 
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RESULTS OF SURVIVAL OF ERYTHROCYTES OVER THE FOUR DAYS OF 
OBSERVATION AS DERIVED WITH THE RADIOCHROMIUM METHOD. 


A scattergram 


of the remaining radioactivity of Cr” for Days 2, 3 and 4 is depicted, utilizing 


the value of Day 1 as the 100 per cent reference. 
the best fit for the data. 
The arrows indicate which groups are being compared. 


” 


The “p 


The solid line represents 


were derived by comparing these slopes. 


For convenience 


the normal slope is reproduced in the two lower panels. 
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TABLE IV 


Statistical analysis of the data on red blood cell survival 


p p 


Group vs. Group vs. 
normal Group VI 


No. of 


Group dogs 


Normal 10 0.428 0.001 


] 6 0.67 0.6 0.001 
i], 1] 10 0.498 0.02 0.005 
I\ 8 1.12: 0.001 0.1 
VI 13 0.51. 0.001 


alone (Group VI). There was a suggestive dif- 
ference in the level of azotemia between Groups | 
and II and the nephrectomized group (Group V1). 
It is to be noted that Groups I and II were well 
protected against the hypertension while Group IV 
was not protected and Group III was only partly 
So. 

Hematologic observations. With rare excep- 
tions, slight or no anemia occurred between the 
nephrectomies (Table VII). After the second 
nephrectomy, the animals in Groups I, II, and IT] 
displayed slight or no anemia as a group. Four 
animals of the 24 became prominently anemic. All 
seven dogs in Group V became prominently anemic 
after the second nephrectomy. The erythrocytes in 
general remained normochromic and the cell size 
remained unchanged. The percentages of reticu- 
locytes remained in the normal range in most in- 
stances. The direct Coombs’ test remained nega- 
tive throughout the entire study. The white cell 
count was usually elevated after the second ne- 
phrectomy. The platelet count remained in the 
normal range for all groups except for the two 
dogs that received explants of liver and became 
thrombocytopenic. 

Morphologic features of explants. The peri- 
toneum was studded with grey and grey-brown 
granules in the animals in Groups I, IIT, and IV. 


TABLE V 


Statistical analysis of the difference in kidney weight* 


p 
No. of Vs. Groups 
V,V 


p 
dogs Vs. normal 


Group 


0.296 
0.827 
1.070 


Normal 16 0.: 
1, 11, 11] 24 


3 0.001 
IV, V 15 6 


0.001 
0.001 


* The right kidney weighed more than the left kidney in 
the mean difference. 
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TABLE VI 


Statistical analysis of the change in plasma 
urea concentration * 


p 
Group vs. 


Group VI 


No. of 
dogs 


Mean 
control 


Mean 
4° lays 


S 


Group 


0.07 
0.07 
0.6 
0.2 


48 210 
49 228 
52 299 
51 312 
46 276 


| 
Il 
II] 
IV 
Vi 


Ni bo DO 
RwwWwod w 
m1 © bh 


Uannuwn 


* Given in milligrams per 100 ml. 


The granules varied in size from 1 to 10 mm. 
These foci were most abundant in the omentum 
and mesentery and on the under surface of the dia- 
phragm (Figure 7). Foci were also observed on 
the surface of the spleen, on the colon, and on the 
liver. Microscopically, the explants of Group | 
contained hyaline foci surrounded by viable-ap- 
pearing epithelial cells. These cells formed tu- 
bules and irregular clumps embedded in a_ vas- 
cular stroma (Figures 8 and 9). The hyaline foct 
consisted of hyalinized glomeruli and structures 
that appeared to be collapsed and compressed 
basement membranes of tubules. The most com- 
mon cell type displayed a clear cytoplasm. Rarely, 
a mitotic figure involving these epithelial cells was 
observed. The PAS-stained tissues supported 
the view that collapsed basement membranes 
were present. These structures were PAS-posi- 
tive and had a compressed, undulated configu- 
These observations indicated resorption 


The 


ration. 


of the convoluted tubes. arterioles near 


Fic. 7. OMENTUM FROM DOG 37 DAYS FOLLOWING EX- 
PLANTATION OF WHOLE KIDNEY, OBTAINED BY TRANSILLU- 
MINATION. Granules of various sizes are shown in the 
omentum. These are the structures that contain viable- 
appearing cells. 
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Fic. 8. Microscopic 


TOXYLIN AND EOSIN STAIN) AS NOTED IN FIG. 7. 


SEGMENT OF A GRANULE 


(X 260; HEMA- 
The pink hyaline 


foci are interpreted as collapsed basement membranes of resorbed 


tubules. 
thelial cells. 


the glomeruli revealed atrophy of the smooth mus- 
cle of the media and reduplication of the internal 
elastic lamina as indicated by the Verhoeff elastic 
stain. Attempts to identify juxtaglomerular cells 


in the arterioles near the glomeruli with the crystal 


CLUSTERS OF CLEAR EPITHELIAL CELLS IN THE OMENTUM. 


About these foci are noted tubules and clusters of epi- 


violet stain were not successful. Thus, the cortex 


seemed to undergo widespread atrophy and re- 
sorption of all of its structure. 


Atrophy and resorption of cortical tissue were 


emphasized in the explants of Group IV (cortex 


This 


was the most common cell type observed. 
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Fic. 10. ExpLANT OF RENAL 


MEDULLA IN 


THE LUNG. A_ vascular 


branch, presumably arterial, is filled with clear epithelial cells in clusters 


or forming tubules. 
peritoneum 


only). There were few viable-appearing cells in 
these nodules and these few cells appeared to be- 
long to atrophic convoluted tubules. Clear cells 
were very rarely encountered in these explants. 
The explants of Group III were small (1 to 5 mm 
in diameter) and difficult to find. These struc- 
tures contained mainly tubules and clumps of 
clear cells. 

The lungs of Group II revealed scattered gray 
foci grossly, 1 to 4 mm in size, and a rare small 
infarct. Most areas of the lungs appeared normal 
grossly. Microscopically, the lungs of Group II 
contained hyaline emboli in branches of the pul- 
monary artery and focal thickening of the alveolar 
Most 


most alveolar walls were normal. 


were empty, and 
Within blood 


vessels, masses of renal epithelium were identified. 


walls. alveolar spaces 


These formed tubules and sheets of cells, most of 
which were of the clear type (Figure 11). In some 
areas the epithelium appeared to have broken 
through the vascular wall and spread out in the 
nearby pulmonary tissue. Certain of these areas 
were cellular, and a distinction between cells due 
to local pneumonitis and cells from renal tissue 
was not clear-cut. The hyaline emboli also con- 
tained clumps and clusters of clear epithelial cells. 

The splenic explants of Group V were evident 


This is the same cell type as that observed over the 


over the peritoneal surfaces, particularly over the 
omentum and mesentery. Grossly, these appeared 
to be vascular. Microscopically, they consisted 
of endothelial lined sinusoids and other cells re- 
sembling reticuloendothelial cells. The hepatic 
explants were mostly necrotic. A few bilirubin 


stained cells remained. 


DISCUSSION 


The classical experiment of Goldblatt, Lynch, 
Hanzal and Summerville (25), demonstrating the 
development of sustained hypertension following 
partial constriction of a renal artery and removal 
of the opposite kidney of the dog, was followed by 
support for the concept which considered the liber- 
ation into the blood stream of a vasopressive agent 
from the kidney as responsible for the elevation of 
the arterial pressure. Notable among observations 
in this area were those of Braun-Menendez and 


associates (26), and Page (27). The earlier con- 


cept of renin (25) was expanded into the more 


complex view of hypertensin or angiotonin (an- 
The role of such substances in pro- 
How- 


ever, as Floyer’s review (28) indicates, the con- 


giotensin ). 
longed hypertension has been challenged. 


tribution of renin to certain types of hypertension 
and to the early phases of experimental hyperten- 
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sion appears to have been strengthened by more 
recent as well as by earlier considerations of this 
proposal. 

While experiments dealing with a positive con- 
tribution of the kidney toward the genesis of hy- 
pertension were in progress, the possibility of anti- 
hypertensive functions of renal origin were enter- 
tained as a consequence of experimental results 
inconsistent with the renin hypothesis. The con- 
cept has been reviewed by Grollman (29), who has 
supported the view that the kidney elaborates a 
substance, possibly of a hormonal nature, which 
protects against hypertension. 

The demonstration of a high incidence of hyper- 
tension following bilateral nephrectomy by Braun- 
Menendez and von Euler (30) for the rat, and by 
Grollman, Muirhead and Vanatta (1) for the dog, 
lent additional emphasis to a possible renal anti- 
hypertensive function. This type of hypertension, 
termed renoprival, was soon corroborated by 
other workers (6, 31-33). 
toward renoprival hypertension by overhydration 


A potentiating role 


with sodium and water (6, 31-35), by sodium 
without overhydration (36), and by dietary pro- 
tein (7, 37), seemed apparent as work in this field 
progressed. Grollman, Turner, Levitch and Hill 
(38) demonstrated a hemodynamic state in reno- 
prival hypertension that was similar to that of es- 
sential hypertension in man. Turner and Groll- 
man (39) also demonstrated a lack of dependency 
of the hypertension on secretions from the adrenal 
bilateral adrenalectomy did not 
In other 


glands, since 
prevent elevation of the arterial pressure. 
observations Muirhead, Jones and Graham (37, 
40) demonstrated that the hypertension of bilateral 
nephrectomy was neither entirely dependent on an 
exogenous sodium load nor on an evident expan- 
sion of the extracellular fluid volume. 

Earlier, Grollman and co-workers (1) showed 
protection against hypertension by renal tissue in- 
capable of urinary excretion to the outside of the 
body. In these experiments the following manipu- 
lations were used: ureteral ligation, anastomosis 
of the ureter to the vena cava, and anastomosis of 
the ureter to the small bowel. The effectiveness of 
uretero-caval anastomosis in this respect was con- 
firmed by Kolff, Page and Corcoran (41). 

Utilizing two separate approaches, Kolff and 
Page (42), 
Jones (12) demonstrated a recession of renoprival 


and Muirhead, Stirman, Lesch and 
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hypertension when the circulation of the hyper- 


tensive animal was connected to intact renal tissue. 
Kolff and Page perfused the circulation of the 
nephrectomized hypertensive animal through the 


intact kidneys of a normal animal, a procedure 
which promptly lowered the arterial pressure. 
Muirhead and colleagues demonstrated a prompt 
and sustained lowering of renoprival hypertension 
by the placement of a renal homotransplant in the 
neck of the hypertensive nephrectomized recipient. 
As the transplanted kidney deteriorated one week 
These ex- 
sug- 
gested protection by renal tissue against arteriolar 


later, the hypertensive state recurred. 
periments with renal homotransplants also 
disease (13). 

Amelioration of the hypertensive state by a re- 
nal homotransplant in man has been shown by 
Merrill, Murray, Harrison and Guild (43) in the 
case of a hypertensive subject who received a re- 
The effec- 
tiveness of renal transplants in lowering the ar- 


nal transplant from his identical twin. 


terial pressure in other forms of experimental hy- 
pertension (figure-of-eight tie of kidney) has been 
presented by Blaquier, Gomez and Hoobler (44). 

Muirhead, Stirman and Jones (45) repeated the 
experiment wherein one ureter was anastomosed 
to the inferior vena cava, and the opposite kidney 
was removed, by changing it into an acute experi- 
ment in which the intake of sodium and protein 
was controlled. The sodium intake, dietary pro- 
tein intake, and the time interval of four days were 
the same as in the experiments recorded in the 
present communication. Protection against ac- 
celerated hypertension over the four days’ time 
was observed in 16 experiments of this type. 
During the same time interval, the kidney with the 
uretero-caval anastomosis underwent an outstand- 
ing degree of hypertrophy, the average weight in- 
crement over its partner being 60 per cent. Study 
of this hypertrophied kidney indicated a normal 
anatomical configuration associated with an in- 
crease in the nonaqueous, nonlipid residue (46). 
The latter findings supported a true hypertrophy 
Mitotic 
figures were evident in this hypertrophied kidney 


as opposed to waterlogging of the tissues. 


and the mitoses were most numerous in the outer 
zone of the medulla below the vascular arcade. 
There was, therefore, the theoretical possibility 


that the zone which seemed to reflect maximum 
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proliferation or hyperplasia might be the zone re- 
lated to the protection against hypertension. 

These various observations, indicating protec- 
tion against hypertensive cardiovascular disease 
by intact renal tissue incapable of the external ex- 
cretion of urine, led to the currently reported ex- 
periments. The present experiments indicate pro- 
tection against accelerated renoprival hypertension 
by explanted autogenous renal tissue which is in- 
capable of excretory renal function from the physi- 
ologic viewpoint. Whole kidney explantation ap- 
peared most protective while renal cortex was 
nonprotective. Whole renal medulla seemed to 
offer substantial protection against the hyperten- 
sion while the outer medulla was protective, but 
only to a lesser extent. The net results seem to 
indicate that the function which appears to pro- 
tect against this type of hypertension is found 
mainly within the renal medulla. 

The explants contained cells which appeared 
The presence of mitotic figures involving 
renal epithelial cells 20 or more days after the ex- 
plantation, and the arrangement of cells in clumps 


viable. 


or clusters as well as in tubules, suggested expan- 
The 


main cell type contained a prominent clear cyto- 


sion of the tissue in a proliferative sense. 


plasm in the regular hematoxylin and eosin prepa- 
ration. The explants were smallest and least nu- 


merous in the group receiving a preparation of the 


outer medulla. This group, of those receiving 
medullary tissue, was the least protected against 
hypertension. Since whole kidney was most pro- 
tective toward hypertension and cortex was not 
protective, it may be appropriate to speculate on 
differences between explants of whole kidney and 
outer medulla. Under the circumstances of the 
preparation used, a greater loss of cells in the 
blendor, when outer 
Also, the 


viable-appearing cells in the whole kidney explant 


through homogenization 


medulla alone was used, was possible. 


appeared to orient themselves about the absorbed 
and collapsed cortical tissue. Such orientation 
could conceivably have influenced the take and 
growth of the cells, a feature which was not avail- 
able to the outer medullary explants. Thus, the 
differences in results between animals receiving 
whole kidney explants and those receiving medul- 
lary explants may have been due as well to tech- 
nical as to other specific causes. 

Protection against arteriolar thickening, as meas- 
ured by the wall/lumen ratio of fixed tissues, was 
not observed for any group. The most encourag- 
ing results were noted in Group I (whole kidney 
explants) in which a suggestive protection against 
arteriolar thickening encountered. 
versely, protection against arteriolar thickening or 


was Con- 


reversion of this change was observed in another 
study in which renal homotransplants were used 
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following bilateral nephrectomy (12, 13). In the 
latter experiments uremia was relieved in part, 
while in the present experiments the level of urea 
mounted rapidly. The contrast between these 
results raises the issue of whether uremia per se 
may be a factor in the arteriolar thickening. 

The protection against hemolysis in vivo ob- 
served following explantation of whole kidney 
(Group I), the partial protection against hemoly- 
sis observed following explantation of renal me- 
dulla (Groups II and III), and the lack of protec- 
tion against hemolysis noted following explanta- 
tion of renal cortex (Group IV), represent re- 
sults in one parameter which correspond to the 
results in another parameter as revealed by the 
observations related to the cardiovascular system. 
The indication of protection against hemolysis 
characterizes further a function (s) exerted by the 
explants which apparently is of nonexcretory type. 
As with the cardiovascular measurement, the func- 
tion appears to be exerted mainly by medullary 
renal tissue. 

The nature of the function(s) exerted by the 
renal tissue, which appears to protect against 


renoprival hypertension and hemolysis, remains 
unresolved. As a consequence of the present ex- 
periments, attention may now be focused on the 
renal medulla as a potential major source of such 
a function(s). 


SUMMARY 


1. Renal tissue has been explanted to the peri- 
toneum and lungs of the same dog. When whole 
kidney or renal medulla is explanted, certain cells 
appear to take hold and proliferate locally. The 
cells assume the appearance of tubules and irregu- 
lar clusters and lack an organized excretory ar- 
rangement. The main cell type has a clear cyto- 
plasm when observed in a regular hematoxylin and 
eosin preparation. 

2. Protection against accelerated hypertension, 
as encountered following bilateral nephrectomy 
plus a sodium and protein intake, has been ob- 
served following explantation of whole kidney, 
whole renal medulla or outer renal medulla derived 
from one kidney followed by removal of the other 
kidney. The explanted animals received the same 
amount of sodium and protein as the nephrecto- 
mized group. Protection against accelerated hy- 
pertension was not afforded by explantation of 
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renal cortex from one kidney followed by removal 
of the other kidney, or by explantation of the 
spleen or a portion of the liver followed by renal 
ablation. 

3. Explanted whole kidney, whole renal medulla 
and outer renal medulla in the absence of both 
normal kidneys also affords protection against the 
hemolytic state as observed following bilateral 
nephrectomy. Explanted renal cortex does not 
protect against the hemolysis. 

4. Suggestive protection against arteriolar 
thickening has been observed following whole kid- 
ney explantation but not following explantation 
of renal medulla. 

5. The protective function(s) against the hyper- 
tensive state and the hemolysis appears to be of 
nonexcretory type and to be mainly within the re- 
nal medulla. The nature of this function(s) is 
unknown. 
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Over sixty years ago, Nencki and Schoumow- 
Simanowsky (1) suggested that bromide dis- 
places chloride in tissues. Twenty years ago, Wal- 
lace, Brodie, Brand and Leshin (2-4) and Weir 
and Hastings (5) showed that, when large doses 
of bromide are administered, the ratios of chlo- 
ride to bromide are the same in serum and in the 
tissues excepting the brain and spinal fluid. We 
have been unable to find analyses comparing the 
ratios of chloride with bromide in sera and indi- 
vidual tissues when the small amounts of bromide 
suitable for clinical studies are given. However, 
it has been rather generally assumed that the ratio 
of serum bromide to chloride after administering 
a known amount of bromide is a measure of total 
body chloride (4-10). Cheek and West (8) 


found that total chloride of rats agreed well with 
total chloride calculated from bromide dilution. If 
this finding is correct, total body chloride may be 
followed for a considerable time after a single dose 


of bromide. This conclusion follows from the evi- 
dence that bromide is excreted slowly and prac- 
tically entirely in the urine when there is no diar- 
thea. The present study re-examines the distri- 
bution of bromide for intervals of 6, 24 and 72 
hours. In addition, bromide space was measured 
at the same intervals in rats and for ten days 
in humans following a single dose of bromide. A 
comparison of total chloride by analysis and by 
bromide dilution is given for normal rats and rats 
subjected to alteration in body chloride. 


CHEMICAL METHODS 


Water and fat were determined by weighing fresh 
tissues before and after drying at 105° C and after ex- 
tracting with ether. Duplicate aliquots of dried, fat- 
free ground tissues were used to determine chloride and 
bromide, respectively, by the Volhard titration (11) and 
Brodie and Friedman’s (12) iodometric titration of bro- 
mate formed by hypochlorite. Hunter and Goldspink’s 


* This investigation was supported by a research grant 
(A-843) from The National Institute of Arthritis and 
Metabolic Diseases, Bethesda, Md. 


modifications (13, 14) were used, together with certain 
adaptations described in the following Remarks. Serum 
chloride was determined on two or three 0.2 ml samples; 
bromide on a single 1 ml sample of plasma and heparin- 
ized whole blood. Serum and whole blood bromide was 
determined in duplicate on the human subjects. 

The chief difficulty of the bromide determination in- 
volves preparation of a suitable solution. Bromide added 
to serum was recovered within 2 per cent when the reac- 
tion was carried out on the solution obtained by adding 
0.5 ml of 2 N KOH and heating for 15 minutes at 575° C. 
After breaking up the charred material with a little 
water, a similar second heating was carried out. Similar 
treatment of 50 to 100 mg of fat-free dried tissues did 
not consistently yield a colorless solution. The titrations 
were slightly high on adding bromide to tissues of rats 
which had received no bromide. However, when 1 g of 
fat-free dried tissues was extracted for 18 hours with 15 
ml of water, the chloride and bromide were recovered 
quantitatively in aliquots of the water. Heating this 
water extract as described for serum yielded colorless 
solutions for bromide determination. The same water 
extract was used for chloride using aliquots yielding suit- 
able titrations after adding 1 ml of 0.05 N AgNO, in 
HNO,. Chloride is the Volhard titration minus bro- 
mide. Ether extracts have been repeatedly tested for 
chloride and none found. Similar tests for bromide were 
not made. 

Remarks on bromide determination. The directions of 
Hunter (13) were followed. Sodium bromide was added 
to serum to make concentrations of 1, 2, 3 and 4 mEq of 
Br per L. The same amounts of bromide were added 
to 100 mg of fat-free dried muscle. The recovery varied 
from 96.5 to 98.2 per cent of the contents, and was more 
complete when bromide was high. Correction for losses 
during ashing was applied according to the Br content 
of the sample. Replicate analyses showed a standard 
deviation of 2.5 per cent of the contents. 

When Pyrex flasks were used for repeated ashing, 
slightly high blanks were obtained when the flasks had 
been treated solely with dichromate. However, the 
flasks gave the same blanks as new flasks when they 
were boiled for 15 minutes in 15 per cent Na,CO, and 
were then treated with dichromate cleaning fluid. The 
ashing with KOH produces considerable etching which 
does not seriously interfere with the titration. 

An approximately normal solution of sodium hypo- 
chlorite was prepared as follows. Forty-six g of NaOH 
was dissolved slowly in 700 ml of water. About 90 g of 
calcium hypochlorite was added. A caked precipitate 
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formed. This was broken up by intermittent, rather 


vigorous shaking for several hours. After standing 
overnight, the solution was filtered and washed with 
enough water to make 1 L. A large, wide-mouthed glass 
jar was convenient. A small amount of bromate contami- 
nates the reagents (14); the blank remains surprisingly 
constant. The blanks have varied from 0.038 to 0.045 
ml! of 0.05 N thiosulfate in preparations made over a 
period of 3 years. The solution remains satisfactory for 
at least 2 months when kept in a refrigerator in a brown 
bottle. 

Remarks on chloride. Duplicates of skin chloride gave 
a deviation 1.5 + 0.8 per cent of the value. The deviation 
of muscle and carcass was somewhat greater, 3.1 + 1.0. 
In the case of the carcass, the deviation may in part be 
explained by less uniform samples. 


RESULTS 
Observations on rats 


Only male rats weighing 250 to 300 g were 
used. These were a Sprague-Dawley strain, all 
obtained from the same breeding farm. 

Bromide space. A group of rats was divided 
into groups of six. The animals were placed in 
separate cages in order to collect urine for 24 
hours to provide control bromide excretions. 
Enough NaBr was injected into the peritoneal 
cavity to raise serum bromide to about 3 mEq per 
I. in four rats while two received equivalent 
amounts of NaCl in order to provide control val- 
ues for serum bromide. Twenty-four hours be- 
fore terminating the observation, food was re- 
moved from the cages and water containing 10 
per cent glucose and 50, 20 and 30 mEq per L of 
Na, K and CI, respectively, was available. Four 
hours before killing the rats, both food and drink 
were removed from the cage. The rats were killed 
by withdrawing as much blood as possible from the 
abdominal aorta under ether anesthesia. Wash- 
ings of the cage were included with the urine in 
order to assure as complete collection as possible. 
The intervals after injection of bromide were 6, 
24 and 72 hours. 

Table I shows the bromide space calculated as 
follows: 


Br — Br, - Br; 


ma he) al 


——— = bromide space 

where Br is the bromide injected ; Br, is urine bro- 
mide; Br, is red cell bromide calculated from the 
proportion of red cells in blood and whole blood 
bromide, assuming a blood volume of 80 ml per kg; 


TABLE I 
Bromide space of rats 








Number Weight Interval 


Br~ space 


hrs ml/kg 
4 6 249 + 9 
4 255+ 5 24 
4 250 + 21 72 


240 + 6 
305 + 10 


Br, is serum bromide while the factor combines a 
correction of serum water (0.93) anda Donnan fac- 
tor of 0.95. Control serum bromide was subtracted 
from values of the experimental rats and control 
urine bromide from urine bromides. 

Table I shows the average and standard devia- 
tion. The bromide space does not differ statisti- 
cally at 6 and 24 hours but is greater at 72 hours. 
As is shown later, the ratios of chloride to bromide 
agree in the serum and in certain tissues (liver, 
muscle and skin) at 6, 24 and 72 hours. Conse- 
quently the increase in bromide space at 72 hours 
is probably erroneous owing to failure to measure 
bromide losses completely. 

Distribution of bromide and chloride in tissues. 
Rats were killed as previously described at 6, 24 
and 72 hours after receiving 0.32 mmole of NaBr 
intraperitoneally. Liver and samples of serum, 
muscle and skin were analyzed for chloride and 
bromide. Table II shows the ratios of chloride 
to bromide in serum and tissues together with 
serum bromide. The average and standard devia- 
tion of each group is given. Plotting the serum 
against the tissue ratios shows good direct correla- 
tion in each group despite the small variations 
within a group. Because there was no significant 
difference in the relation of the ratios of serum 
and tissues in the groups, the data were treated 
as one homogeneous sample for which the average 
and standard deviations, and the correlation coeffi- 
cients between the serum ratios and the ratios of 
liver, muscle and skin, are given. The surprisingly 
high correlations indicate that the tissue ratios may 
be predicted with confidence for these tissues. The 
regression equations are: 


R; = 1.07 R, — 175 + 1.4 
Rm = 0.915 R, + 5.4 + 0.9 
Rx = 0.986 Rs + 0.5 + 0.5 


where Rj, Rm, Rsx and R; are, respectively, the ra- 
tios of chloride to bromide of liver, muscle, skin 
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TABLE II 


Ratios of chloride to bromide in serum and tissues (Ret) 








Serum 


Ratio of Cl~ to Br- 





Br 


Liver Muscle 





mEq/L 





and serum. The greater correlation between se- 
rum and skin probably results from smaller pro- 
portionate errors in these determinations. Since 
the determination of both bromide and chloride 
involves a relatively constant titration error, the 
proportionate error is less in skin and serum, in 
which the halogen content is higher, than in muscle 
and liver. 

Estimation of total body chloride by bromide. 
Because muscle and skin contain the largest part of 
total body chloride, it is likely that the ratio of 
chloride to bromide in total body tissues is about 
the same as in serum. Accordingly, total body 
chloride is equal to retained bromide multiplied 
by the ratio of chloride to bromide in serum. This 
hypothesis was tested by injecting 0.32 mmole of 
NaBr and collecting urine for 24 hours. At this 
time the rats were killed and serum collected. The 
carcasses were ground in a meat grinder. An ali- 
quot was dried, extracted with ether, and again 
ground with a mortar and pestle. Table III shows 
the serum chloride, the ratios of chloride to bro- 
mide in serum and tissues, and Cl- calculated 


TABLE III 


Comparison of tissue Cl~ by analysis and Br~ dilution* 








Ratio Cl- : Br- 


Per kg fat-free tissues 


“cr Cl-pr— Water 


Serum Tissue 


mEq mEq g 
Normal 35 35 30 32 738 
Normal . 33 35 29 +29 730 
Low Cl 5 30 32 a4. 25 703 
Low Cl 26 28 21 22 726 
NaCl 29 31 30 «629 715 
NaCl 34 37 360 37 706 
DCA 37.39 39 38 «6734 
DCA 34 37 35 36 730 


* Low ClI-: peritoneal losses of Na, 9.5 and 14; of Cl 
7 and 9 mEq/kg. NaCl: received about 51 ml of physio- 
logical saline per kg. DCA: received same saline with 
7 mg DCA in oil. Cl-p--: body chloride calculated from 
Br-. 


from retained bromide and direct tissue analyses. 
Tissue chloride is calculated per kilogram of fat- 
free tissues. 

The rats labeled normal received no treatment 
except the injection of bromide. The rats labeled 
low Cl- were subjected to removal of Cl- and Na 
by the injection of 35 ml of 5 per cent glucose into 
the peritoneal cavity. After four hours the fluid 
was removed by opening the peritoneal cavity un- 
der ether anesthesia, and bromide was given sub- 
cutaneously. The loss of Na and Cl per kilogram 
of fat-free tissues is indicated. The rats labeled 
NaCl received 15 ml of physiological saline 24 hours 
before injecting bromide while those labeled DCA 
received 7 mg of desoxycorticosterone as well as 
the same amount of saline. 

The data indicate that injection of bromide per- 
mits calculation of total body chloride as retained 
bromide multiplied by the ratio of chloride to bro- 
mide in serum. The chloride removed in the low 
Cl- rats is consistent with the values found. The 
retention of Cl was not determined in the rats 
receiving saline. The data confirm the study of 


Cheek and West (8). 


Observations on humans 


The volume of dilution of bromide in adult 
males. Four adult males ingested sufficient KBr 
to raise serum bromide concentration to about 3 
mEq per L. Urinary bromide losses were meas- 
ured and serum and whole blood concentrations 
were followed for periods up to ten days. The 
subjects, aged 25 to 31 years, were in good health. 
During the study they carried out their usual ac- 
tivities; all urines were collected. The usual diet 
was eaten and presumably contained no unusual 
source of bromide. Samples of blood and urine 
were obtained before ingestion of bromide in order 
to provide control urine and serum bromide con- 
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centrations. These values were subtracted from 
those of the experimental periods. Bromide con- 
centration was small before ingestion of bromide, 
generally about 0.1 mEq per L. Bromide space 
was calculated as was indicated for the similar 
measurements of bromide space in rats. The 
observations are comparable, except the second 
one on S.H. dated 5/10/57 (Figure 1). In this 
case five tablets containing 40 mEq of Cl- were in- 
gested thrice daily after the fifth day (Thermo- 
tabs; Merck, Sharp and Dohme, containing 0.45 
g NaCl and 0.03 g KCl). Data on the rate of 
urinary excretion of bromide in this study con- 
firm the well recognized augmentation of urinary 
bromide when urinary chloride increases. The 
average rate of excretion from the second to fifth 
day was 0.101 mEq per hour. The rate from the 
sixth through the ninth day was 0.15 mEq per 
hour. At the beginning of the second day 66 mEq 
of bromide was in the body while at the beginning 
of the sixth day body bromide was 55 mEq. 

The data are illustrated in Figure 1. The vol- 
ume of bromide space increased beyond the ana- 
lytical errors from the sixth to the twenty-fourth 
hour in S.H., 10/29/56, and in L.T., but the 
other values do not certainly change. Assuming 
that the volume at 24 hours is most nearly accu- 
rate, Subject S.H. showed essentially constant 
bromide space in one study for six days and in 
another for ten days. However, the other stud- 
ies show a slight tendency to rise. Table IV 
shows the value at 24 hours together with the av- 
erage after three days. It will be noted that the 
average shows remarkably little variation after the 
third day. However, inspection of the figure in- 
dicates that the later values are greater than the 
earlier ones. A rise in measurements of bromide 


250 
& 240 


x 


> 230 
E 
220 


SH. 5/10/57 


BROMIDE SPACE 








TIME IN DAYS 


Fic. 1. BRoMIDE SPACE IN ADULT MALES. See text for 
note on S.H., 5/10/57, concerning load of chloride. 


TABLE IV 


Bromide space in adult males 





Bromide vol. of dilution 


After 72 hrs 


No. of 
Subject 


At 24 hrs 
y ml/kg 
| is ‘ 179 
BR: F a 182 


ey ‘ 216 
219 


>: Wa ‘ 209 


space would occur if bromide loss is not completely 
measured or if bromide is concentrated with re- 
spect to chloride in certain tissues over a period 
of time. Because the rat tissues showed con- 
sistent agreement between the ratios of chloride 
to bromide in serum, liver, skin and muscle for 
72 hours, the findings on bromide space are prob- 
ably due to failure to collect small amounts of 
urine or to significant losses of bromide in stools 
or from the skin. The data indicate that meas- 
urements of bromide space do not involve appreci- 
able errors over a short period, but significant er- 
rors occur over long periods. 


DISCUSSION 


The previous data comparing the ratios of 
bromide to chloride in sera and tissues are 
summarized in Table V. The relationship is indi- 
cated by R,/R; where R, is the ratio of chloride 
to bromide in serum, and R; is the corresponding 
ratio in tissues. Unity indicates identity of the 
ratios while values above or below unity indicate, 
respectively, relative concentration or dilution of 
bromide in the tissues. As was recognized by the 
investigators, the interval after injection was prob- 
ably too short to assure stable equilibrium in the 
first five observations. The other data show 
reasonably good agreement, but the number of 
determinations is small and occasional discrep- 
ancies are shown. A more serious objection is 
that 20 to 50 per cent of serum chloride is displaced 
by bromide. Clinical use of bromide should in- 
volve concentrations of bromide well below the 
toxic level. Furthermore, large amounts of bro- 
mide may obscure small accumulations of bromide 
in tissues. The present data support the con- 
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clusion that bromide occurs in essentially the same 
ratio in serum and in certain tissues when small 
as well as large doses of bromide are given. 

The concentration of bromide and chloride has 
been compared in serum and extracellular accu- 
mulations of fluid in patients and in experimental 
animals (4, 5, 9, 15). The agreement is satis- 
factory. Consequently, the relation of bromide 
to chloride is essentially the same as in serum in 
the parts of extracellular fluid which closely re- 
semble an ultrafiltrate. Earlier work recognized 
that bromide is not found in the brain, in the same 
relation to chloride, as it is found in serum. Since 
cerebrospinal fluid may be regarded as represent- 
ing the extracellular fluid of the brain, the ratios 
in the brain may be considered to be those of cere- 
brospinal fluid (3, 15, 16). The ratio of bromide 
of cerebrospinal fluid to that of serum is 0.75 
while the corresponding ratio of chloride is 1.20 
(3). Similarly, the ratio of bromide in red cells 
to that of serum is 0.75 while that of chloride is 
0.67 (17-19). Gastric juice is known to con- 
tain more bromide relative to chloride than does 
serum (20). Also, urinary bromide does not 
precisely vary with the serum ratio (19). 

It is true that these recognized discrepancies 
cannot introduce large errors into the calculation 
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of total body chloride from body bromide and the 
ratio of chloride to bromide in serum. For ex- 
ample, the sum of the chloride in the central nerv- 
ous system, red cells and gastric juice is about 3.5 
mEq per kg in an adult. Consequently, an error 
of 30 per cent in these tissues results in an error 
of only about 3.5 per cent in total body chloride. 
Since skin and muscle contain about 50 per cent 
of total body chloride in an adult human, and 60 
per cent in the rat, the present data give satisfac- 
tory support that total body chloride may be meas- 
ured by administering bromide. 

The errors of the balance techniques are in- 
volved in measurements of bromide space or body 
chloride following a single dose of bromide. Ex- 
pressing average bromide space in the present 
human studies as percentage of the 24 hour vol- 
ume, the following values are obtained: six hours, 
95 per cent; two days, 102.5 per cent; three days, 
102.6 per cent; four to five days, 105 per cent; six 
to seven days, 105 per cent; nine to ten days, 107.5 
per cent. All values at six hours are below the 24 
hour volume although three are within 3 per cent, 
which is within the analytical errors. It is likely 
that six hours is not sufficient time always to 
achieve a stable equilibrium after oral adminis- 
tration of bromide, although three hours is suffi- 


TABLE V 


Distribution of chloride and bromide in tissues 
(from the literature) * 








Serum conc. 


Route 


Subject 





1 hour 
1 hour 
1 hour 
1 hour 
1 hour 
3 hours 
3 hours 
3 hours 
24 hours 
48 hours 
24 hours 
15 days 
4 days 
. days 


Vein 
Vein 
Vein 
Vein 
Vein 
Vein 
Vein 
Vein 
Oral 
Oral 
Oral 
Oral 
Oral 
Oral 
Oral 
Oral ? 


Dog 
Dog 
Dog 
Dog 
Dog 
Dog 
Cat 
Dog 
Dog 
Dog 
Dogt 
Dog} 
Dog 
Dog 
Dog 
Dog 





enough for equilibration. 


Ratio Rs to Re§ 





Smooth 
muscle 


Striate 


Liver muscle Lung Reference 


(5) 
(5) 
(5) 
(5) 
(5) 
(2) 
(2) 
(3) 
(3) 
(3) 
(3) 
(5) 
(5) 
(5) 
1 (5) 
7 (5) 


1.01 
0.78 
0.92 
0.78 
0.82 
1.02 
1.11 


0.95 1.02 
0.99 
0.96 
0.93 
0.86 
0.86 
0.96 
1.06 1.05 
1.38 
0.99 
1.05 


1.08 1.08 1.1 
1.11 0.9 


* The first five were studies 45 to 60 minutes after injection. As was noted by the authors this may not be long 


+ Given daily bromide for eight days and samples 24 hours later. 


t The paper does not state the interval after administering last dose of bromide in the last five listings. 


The dogs 


are known to have received bromide for the intervals indicated except for the last two. _ 
§ R, = ratio of chloride to bromide of serum; Ry = ratio of chloride to bromide of tissues. 
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cient after intravenous injections (4, 5,9). In the 
rat, six hours sufficed after intraperitoneal in- 
jection. Assuming that the rise in average bro- 
mide space reflects only errors in measuring bro- 
mide excretion, the error in these observations is 
about 1 per cent per day. From previous experi- 
ence in other types of balance observations, we 
know that total excretion is seldom measured. 
Consequently, the errors are accumulative in the 
direction of indicating retentions. The cumulative 
error in estimating bromide retention explains the 
rise in bromide space with time and the rise in 
estimated total body chloride. The data indicate 
that bromide may be used to measure total chlo- 
ride when this systematic error is kept in mind. 
The error is unlikely to be great for a period of 
one to three days but it is likely to be serious 
over longer periods. Successive measurements 
of body chloride following a single dose of bromide 
should be most satisfactory when changes in body 
chloride are large over a short period. 


SUMMARY 


The ratio of serum chloride to bromide in serum 
is similar to the ratio of these ions in liver, muscle 
and skin at 6, 24 and 72 hours after injection of 
NaBr into the peritoneal cavity of rats in amounts 
producing a serum concentration of about 3 mEq 
per L. Bromide space of rats is constant at 6 and 
24 hours but is considerably greater at 72 hours. 
Following oral ingestion of KBr in human adults, 
bromide space averages 95 per cent of the 24 hour 
space at 6 hours and slowly increases for 10 days 
to about 107 per cent of the 24 hour space. In 
view of the consistent agreement between the ratio 
of Cl to Br- in serum and tissues of rats for three 
days, the increase in bromide space is probably er- 
roneous owing to failure completely to measure 
bromide losses. The studies indicate that the ratio 
of chloride to bromide in serum, multiplied by body 
content of bromide, is close to total body chloride. 
Application of this relationship involves the usual 
errors of balance techniques. 
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The role of the gastrointestinal tract as a major 
source of blood ammonia has been extensively 
studied in animals and in patients with liver dis- 
ease. Less information is available concerning 
the relative contribution to the blood ammonia by 
other organs, such as muscle, liver, brain and kid- 
ney, which are known to be concerned with am- 
monia metabolism (1). The renal release of am- 
monia into the systemic circulation was first 
demonstrated by the observations of Nash and 
Benedict in 1921 (2). Although the magnitude of 
this ammonia release and its effect on the arterial 
ammonia concentration have not been determined, 
factors affecting the quantity of ammonia excreted 
into urine have engendered considerable investiga- 
tion. Current evidence indicates that changes 
in urine pH are important determinants of urinary 
ammonia excretion, lesser amounts of ammonia 
appearing in alkaline than in acid urines (3-8). 
Studies in unilateraliy nephrectomized dogs sug- 
gest that total renal ammonia production may re- 
main unchanged following acute alterations in 
urine pH (9). Of particular interest in this re- 
gard have been the observations of significant in- 
creases in arterial ammonia concentrations of cir- 
rhotic patients given Diamox (acetazolamide) 
(10-12), an agent which is known to increase 
urine pH. 

The present investigation is concerned with 
the release of ammonia into the renal vein of 
patients with liver disease, with particular empha- 
sis on the effect of intravenous acetazolamide. 


METHODS 


Eleven patients with liver disease were studied. All 
were hospitalized males, ranging in age from 32 to 63 


* This investigation was supported (in part) by a re- 
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Meeting of the American Federation for Clinical Re- 
search, Atlantic City, N. J., May 3, 1959. 


years. Nine had Laennec’s cirrhosis confirmed by biopsy 
and two had fatty metamorphosis. Three of the cir- 
rhotic patients (W.F., W.N. and W.S.) exhibited pre- 
coma at the time of the study; none showed evidence of 
fluid retention or of progressive hepatic deterioration. 
Renal function was normal in all patients. 

Patients were studied in the recumbent position after 
an overnight fast. A constant intravenous infusion (Bow- 
man pump), which delivered 14 to 16 mg of para-amino 
hippurate (PAH), was maintained throughout the study 
and was preceded by a priming dose of PAH calculated 
to provide plasma levels of 2 mg per 100 ml. Arterial 
samples were obtained from a brachial artery, and re- 
nal venous samples from the right renal vein by way 
of an intravenous no. 8 catheter. Renal venous blood 
was initially identified from catheter position and ap- 
parent arterialization; subsequent confirmation was ob- 
tained from oxygen saturations and PAH extraction. 
Resting arterial and renal venous samples were obtained 
45 to 60 minutes after the PAH infusion was begun and 
again at 10, 20, 30, 45, and 60 minutes after the intra- 
venous administration of 500 mg of acetazolamide. Five 
subjects ingested 1 L of water 30 to 45 minutes prior to 
the start of the study. A water diuresis was subsequently 
maintained by the intravenous infusion of 5 per cent dex- 
trose and water administered at a rate of 20 to 30 ml 
per minute. In these patients, urine samples were col- 
lected anaerobically from an indwelling Foley catheter 
over time intervals which corresponded to the intervals 
between blood samples and included two 10-minute control 
periods. Urine was collected under an oil-toluene mix- 
ture. Blood sampling times usually occupied 30 to 45 
seconds and were begun at the approximate midpoint 
of the urine collection period; urine collection generally 
required 30 to 60 seconds. 

Blood ammonia (NH,;) was measured by a modification 
of the microdiffusion method of Brown and associates 
(13) and of Tyor and Wilson (14). Urine ammonia 
(NH;) was measured in duplicate, within 24 hours after 
sampling, by a similar modification of the same method, 
using 1 ml aliquots of urine which were appropriately 
diluted (1:25 or 1:50 in control specimens, 1:10 or 
1:25 in post-acetazolamide samples). PAH concentra- 
tions in the blood, urine and infusion media were de- 
termined by the method of Selkurt (15) with the 
N-naphthyl ethylenediamine dihydrochloride recrystal- 
lized with hydrochloric acid, as described by Bratton and 
Marshall (16). The pH of whole blood and urine were 
measured with a Cambridge Model R pH meter equipped 
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with an enclosed glass electrode. Measurements were 
made at room temperature, usually 25 to 26° C, and the 
results corrected to 37° by Rosenthal’s factor (17). 
The carbon dioxide content of whole blood was deter- 
mined by the method of Van Slyke and Neill (18). The 
carbon dioxide tension was calculated from this value, 
the pH and the hemoglobin concentration by the line 
chart of Van Slyke and Sendroy (19), using a pK of 
6.11. Oxygen content and saturation were determined 
by the spectrophotometric method of Hickam and Fray- 
ser (20). Hematocrits were determined in duplicate from 
arterial and renal venous blood in Wintrobe tubes cen- 
trifuged at 3,000 rpm for 30 minutes. 

Renal plasma flow (RPF) was calculated by a modifi- 
cation of the Fick principle, using the formula 1) RPF = 
IR/A-R, where IR represents the infusion rate of PAH 
in milligrams per minute, A and R represent the PAH 
concentration in arterial and renal-venous blood in mil- 
ligrams per milliliter. This principle and formula have 
been previously described and utilized by Bradley, Ingel- 
finger, Bradley and Curry (21) in the determination of 
hepatic plasma flow, using sulfobromophthalein. Since 
the arterial PAH concentrations remained essentially 
constant throughout the entire period of observation, the 
PAH removal by the kidneys may be considered equal 
to the rate of PAH infusion. The validity of this method 
is also dependent upon the assumption that the PAH 
level in a sample of blood taken from the right renal 
vein is representative of the level in the left renal vein. 
Five of the patients had simultaneous measurements of 
RPF by standard clearance procedure 2), C’4®= = UV/P. 
In these subjects, RPF was also calculated from the 
formula 3), RPF =UV/A-R, as described by Cargill 
(22), where UV is the rate of urinary excretion of PAH 
in milligrams per minute. In each instance, RPF was 
converted to renal blood flow (milliliters per minute), 
which was calculated from the formula RBF = RPF/ 
(1—Het.). Values obtained using Formula 1 aver- 
aged 1,919 ml per minute. Similar average values were 
obtained when RBF was calculated from Formula 3, 
1,802 ml per minute. However, calculation of RBF 
by standard clearance methods, Formula 2, yielded 
lower average values, 1,362 ml per minute. PAH ex- 
traction in the 5 patients who had simultaneous meas- 
urements averaged 85 per cent. The extraction of 
PAH (E?4") was calculated from the formula E’4? = 
(A-R/A) X 100, where A is arterial PAH concentra- 
tion in milligrams per milliliter and R is renal venous 
PAH concentration in milligrams per milliliter. Values 
for E?4™ in the 11 patients studied ranged from 75 to 92 
per cent, mean = 87 per cent. Release of ammonia into 
the renal vein (micrograms per minute) was calculated 
from the RBF and arteriovenous renal ammonia differ- 
ence in micrograms per milliliter; the ammonia excretion 
into the urine (micrograms per minute) from urine vol- 
ume in milliliters per minute; and the ammonia con- 
centration in micrograms per milliliter. The RBF and 
arteriovenous renal oxygen differences in volumes per 
cent were used to calculate renal oxygen consumption 
(milliliters per minute). 
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RESULTS 


The data obtained from each patient as well as 
mean values before and after acetazolamide ad- 
ministration are presented in Tables I and II. The 
mean arterial ammonia concentration increased sig- 
nificantly 20 minutes after intravenous acetazola- 
mide and attained a maximum increase over rest- 
ing values, 30 wg per 100 ml, at 45 minutes. 
Patient W. N., who exhibited marked resting hy- 
perammonemia and a maximum increase in arterial 
ammonia concentration of 60 wg per 100 ml, was 
the only subject who showed overt cerebral de- 
terioration during the study. Frank coma re- 
sponded readily to routine measures. 

Resting renal arteriovenous ammonia differ- 
ences were negative in 10 of 11 subjects, indicating 
release of ammonia into the renal vein. A twofold 
increase in mean renal ammonia release (p= < 
0.01) was exhibited within ten minutes after 
acetazolamide administration and was maintained 
throughout the remainder of the study. Renal 
blood flow was essentially unchanged throughout 
the entire period of observation. The abrupt in- 
crease in the release of ammonia into the renal 
vein was associated with an equally rapid decrease 
in urine ammonia excretion in the five patients 
In these 
subjects, mean resting urine ammonia excretion 


who had simultaneous measurements. 


decreased significantly from 1,590 yg per minute 
to 1,096 wg per minute at the 10 minute period and 
to 360 wg per minute 20 minutes after acetazola- 
mide, remaining essentially unchanged thereafter. 
Although maximum reduction of urine ammonia 
excretion was observed at 20 minutes, an earlier 
effect would seem likely, since the 10 minute urine 
value reflected the tubular ammonia concentration 
This 
reduction in urine ammonia excretion could be 


immediately before and after acetazolamide. 


readily correlated with a rise in urine pH. Mean 


urine pH attained maximum alkalinity at 20 min- 


utes and was essentially unchanged throughout the 
remainder of the study. A significant decrease in 
mean arterial pH was observed at the 45 minute 
period. 

Renal oxygen consumption increased signifi- 
cantly (p= < 0.01) at 20 minutes but was similar 
to the resting value at 45 minutes. No explana- 


tion for this observation is apparent at this time. 
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TABLE I 


The effect of intravenous acetazolamide on the release of ammonia by the kidney 





Release Urine Total Renal Arterial 
Renal Renal Renal of NH; NH; renal O: 2 __—_——— 
Arterial NH; Oz blood into excre- NH; consump- Urine Serum 
Patient Time NH; A-V A-V flow renal vein tion release tion pH CO: pCO: 


min yg/100ml yg/100mil vil % ml/min ug/mint pe/mint pe/min ml/min vol % mm He 
Rest — 43 1.17 1,555 1,337 1,248 2,585 18.2 25 37 40.8 
* 


10 s 111 7 3,794 274 
20 88 1.00 : 3,084 189 
30 ‘ 81 7 3,154 196 
45 2: 73 0.72 F 3,098 173 
60 255 4,325 272 


38.4 


AanNNN 


Rest 12 1.21 2, 480 3,178 
* 


3 64 2,604 2,715 

20 60 2,453 710 
30 56 05 2,277 
45 61 ¢ 2,279 
7 2,521 


SNINND - 


73 2 2,090 3,930 


3,294 3,727 


1,887 2,009 
1,907 2,033 


xansss 


~ 


219 


316 

906 843 

143 1,008 

771 
1,147 
1,892 335 2,227 
1,421 1,517 


1,447 1,528 
1,790 


assis 


wn 


20 
30 
45 


Rest 
* 
10 
20 
30 


Rest 
- 


10 
20 
30 
45 
60 
Rest 
* 


10 
20 
30 3: s j 
45 5: 62 : 1,951 
60 a 2,034 


Rest 33 . : 786 
* 


10 : ’ 1,208 
20 3 J : 1,395 
30 p 385 1,856 
45 5: 38 , 1,155 
60 2 10s 1,023 


Diamox (acetazolamide) 500 mg iv. 
+ Instantaneous values obtained at indicated time periods. 
+ Average excretion per minute collected throughout indicated time periods. 


+ 





Time 


min 
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TABLE II 


Comparison of mean values for renal ammonia release after intravenous acetazolamide 


Arterial 
NHs 


ue/100 mi 








Renal 
NH; 
A-V 


ue/100 ml 


Renal 
blood 
flow 


ml/min 


Release 
of NH; 
into 
renal vein 


Urine 
NHs 
excre- 
tion 


ug/min 


Renal 
2 
consump- 
tion 


ml/min 


Urine 
pH 


Arterial 


Serum 


pH 


vol % 


Rest 129 —32.2 1,430 


10* d 149 
<0.1 


—60.9 
<0.01 


1,462 
>0.1 
20* 143 
<0.02 


—63.9 
<0.01 


1,466 
>0.1 


1,814 
<0.01 <0.01 
30* 148 
<0.02 


—64,2 
<0.01 


1,549 
>0.1 


1,805 
<0.01 
45* 160 
<0.01 


—59.6 
<0.01 


1,549 
>0.1 
60* 155 
<0.01 


—69.4 
<0.01 


1,533 
>0.1 


* Minutes after intravenous acetazolamide. 
+ Mean values at the time periods indicated. 
t Significance as compared with resting values, 


DISCUSSION 


The present study demonstrates that the kidney 
normally releases a variable amount of ammonia 
into the systemic circulation of patients with liver 
disease. In addition, it is apparent from these 
data that the intravenous administration of aceta- 
zolamide to such patients results in a prompt and 
sustained increase of this renal contribution, which 
is associated with a rise in arterial ammonia con- 
centration. Previous comparisons of peripheral 
venous and arterial ammonia values with renal 
venous levels in dogs (2, 23, 24) and in humans 
(25, 26) have shown in almost every instance a 
greater ammonia concentration in renal venous 
blood. The present observations emphasize the 
magnitude of this renal contribution in resting pa- 
tients with liver disease. Indeed, serial determina- 
tions of arteriovenous ammonia differences across 
the periphery, liver and kidney in resting nor- 
mal subjects and in patients with liver disease 
without hyperammonemia suggest that the kidney 
may be a major source of the “normal” blood am- 
monia (27). 

Patients with liver disease whose gastrointestinal 
ammonia production appears to be negligible, may 
exhibit progressive increases in arterial ammonia 
concentration (28, 29). Similar elevations have 
been observed in such patients following oral and 
intravenous acetazolamide (10-12). In these in- 
stances, the increased increment of arterial am- 
monia has been attributed either to a greater endo- 


1,590 15.1 50.5 
1,096 
<0.05 


38.1 
>0.1 


49.1 
<0.01 


362 


324 
<0.05 


7.35 
<0.05 


7.35 
<0.02 


342 
<0.1 


7.31 
<0.02 


202 7.35 


genous ammonia production or to a decrease in 
organ removal. Muscle, liver, brain and kidney 
are potential ammonia donors and receivers (1). 
However, with the exception of the kidney, arterio- 
venous ammonia differences across these sites have 
been primarily positive in patients with liver dis- 
ease and hyperammonemia, suggesting that these 
organs function chiefly as ammonia receivers (25- 
31). Dawson, de Groote, Rosenthal and Sherlock 
have reported increased arterial ammonia concen- 
trations and unchanged arteriorenal venous am- 
monia differences in three cirrhotic patients two 
hours after the oral ingestion of acetazolamide 
(11). In contrast, this report suggests that the 
kidney may be a source of the observed increased 
increment of arterial ammonia which followed the 
intravenous administration of acetazolamide to pa- 
tients with liver disease with or without pre-exist- 
ing hyperammonemia. The relationship of this 
increased renal ammonia contribution to the ob- 
served elevation of arterial ammonia concentra- 
tion becomes more apparent from the following 
theoretical considerations. If assumes 
average extracellular fluid volume of 14 L and un- 
changed organ ammonia removal, the increased 
increment of ammonia released into the renal 
vein, which averaged 982 wg per minute for the 60 
minute period after acetazolamide, could account 
for as much as a 420 yg per 100 ml increase in 
extracellular fluid ammonia concentration. Actu- 
ally, the observed average increase in arterial am- 


one an 
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monia concentration at 60 minutes was 26 wg per 
100 ml. That this increased increment of am- 
monia released into the renal vein may elevate the 
arterial ammonia concentration in patients with 
liver disease is apparent from the results obtained 
in four cirrhotic patients given 1 mg per minute 
of ammonia as ammonium chloride intravenously ; 
arterial ammonia concentration increased rapidly 
in each subject, with an average increase of 180 
pg per 100 ml at the 60 minute period (32). 

The arterial ammonia concentration at any in- 
stant is the resultant of a number of factors, in- 
cluding ammonia production by tissues, hepatic 
removal, and rate of diffusion into and out of cells. 
There is no reason to assume that acetazolamide 
affects only the first-named parameter. Indeed, 
a decreased removal of ammonia by the periphery 
and unchanged hepatic uptake have been reported 
in cirrhotics following oral and intravenous aceta- 
zolamide (il). An increased cerebral removal 
has also been noted (12). Nevertheless, the pres- 
ent studies indicate that the increased renal out- 
put of ammonia following acetazolamide is more 
than sufficient to provide the extra ammonia to 
serve as an ultimate source for the blood incre- 
ment. 

The prompt twofold increase in the release of 
ammonia into the renal vein, which followed 
acetazolamide administration, was associated with 
an equally rapid fall in urinary ammonia excre- 
tion. Considerable individual variation was ob- 
served when post-acetazolamide urine ammonia 
excretion and renal vein ammonia release, ob- 
tained at each sampling period, was totaled and 
compared with resting measurements. However, 
this variability might be expected since renal vein 
ammonia release was calculated from instantaneous 
values obtained from one renal vein, whereas urine 
was collected from the bladder over ten-minute 
periods. Nevertheless, the decrease in urine am- 
monia excretion was approximated by the in- 
crease in renal vein ammonia release in most pe- 
riods, suggesting that total renal ammonia produc- 
tion was not significantly altered. 

Although the magnitude of urinary ammonia 
excretion has been correlated with urine pH in 
several species, including man, previous studies 
utilizing carbonic anhydrase inhibition have been 
limited to relatively long-term observations. It 
is apparent from the present investigation that 
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tubular pH rises within the first ten minutes after 
intravenous acetazolamide administration and that 
urinary ammonia excretion falls concomitantly. 
In contrast, the change in arterial pH was rela- 
tively delayed. Renal venous pH and CO, con- 
tent measured in four patients after acetazolamide 
showed values which were similar to those of ar- 
terial blood. Present evidence suggests that the 
excretion of ammonia into urine may occur by a 
process of passive diffusion which, in acute ex- 
periments, is conditioned by urine pH (3-8). 
Since cells in general are permeable to the molecu- 
lar species NH,, it would seem reasonable to as- 
sume that the ammonia produced within the renal 
tubular cells diffuses out of the cell with equal 
facility into tubular urine and into renal venous 
blood. The relative amounts captured by each 
should therefore be dependent upon their re- 
spective pH’s and fluid flows. In the present 
study, acetazolamide rapidly increased urine pH 
and decreased ammonia release into the urine; re- 
lease into the renal vein increased. Additional 
support for a primary shift in the rate of diffusion 
of ammonia may be obtained from a consideration 
of Patients G.J. and J.P. Patient G.J., who ex- 
hibited the lowest resting urine pH, showed the 
greatest reciprocal change in urine and renal vein 
ammonia after acetazolamide. In contrast, the 
smallest reciprocal change was noted in Patient 
J.P., who showed the highest resting urine pH. 
This suggests that urine pH is not only an im- 
portant determinant of urinary ammonia excre- 
tion but may also influence the amount of am- 
monia liberated into the renal vein, at least during 
the immediate period following intravenous aceta- 
zolamide administration. 

It is emphasized that the relationship between 
urine pH and renal ammonia partition reported 
in this study need not apply to more chronic situ- 
ations. Current concepts of renal ammonia pro- 
duction suggest that the magnitude of ammonia 
release into urine and renal vein over prolonged 
periods would be influenced by such factors as 
renal substrate concentration and enzyme activity 
(33). In addition, it would seem likely that the 
well recognized alterations in amino acid metabo- 
lism (34) exhibited by individuals with liver dis- 
ease, and their propensity to develop electrolyte 
imbalance (35) might influence renal ammonia 
formation in such patients. 
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SUMMARY 


The release of ammonia into the right renal 
vein was measured in 11 patients with liver disease, 
before and after the intravenous administration of 
500 mg of Diamox (acetazolamide). Concom- 
itant measurements of ammonia excretion into 
urine were obtained in five patients. 

The observed increase in mean arterial ammonia 
concentration after acetazolamide was associated 
with a prompt twofold increase in the release of 
ammonia into the renal vein, which was maintained 
throughout the 60 minute post-acetazolamide pe- 
riod. Renal blood flow remained essentially un- 
changed throughout the entire study. 

The abrupt increase in renal ammonia release 
was associated with an equally rapid decrease in 
urine ammonia excretion, which attained maxi- 
mum significance 20 minutes after acetazolamide 
and inversely approximated the increase in release 
into the renal vein. The reduction in urine am- 
monia excretion could also be correlated with a 
rise in urine pH. 

These observations seem best explained by a 
shift in the partition of ammonia produced by 
the kidney between urine and renal vein. In addi- 
tion, they suggest that acute changes in urine pH 
may also influence the amount of ammonia liber- 
ated into the renal vein. 
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At present there is experimental and clinical 
evidence to support the view that alteration in al- 
veolar oxygen tension has a direct effect on pul- 
monary circulation. Animal experimentation 
(1-4) and hemodynamic studies in human sub- 
jects (5-8) indicate that pulmonary vascular re- 
sistance increases and blood flow is thereby re- 
duced in hypoxic areas of the lung. This is ap- 
parently a mechanism by which the body decreases 
perfusion of poorly ventilated lung and thus main- 
tains efficient respiration. 

The effect of changes in alveolar carbon dioxide 
tension on pulmonary hemodynamics is less well 
Euler (1) 
showed in cats that pulmonary hypertension en- 
sued when the concentration of carbon dioxide in 


understood. Von and Liljestrand 


the inspired air was increased to 6.5 per cent. 
Variable responses of the pulmonary vascular 
dynamics have been reported by Nisell (9, 10), 
who studied the effect of carbon dioxide on the 
isolated cat lung. Stroud and Rahn (11) reported 
that pulmonary vascular resistance did not change 
when animals were ventilated with mixtures con- 
taining 5 per cent carbon dioxide. Weil, Salisbury 
and State (12), in an open chest dog preparation, 
observed that carbon dioxide can cause pulmo- 
3orst, Whittenberger, Berg- 
lund and McGregor (13), using dogs, found a re- 
distribution of blood away from the lung ventilated 
with 5 per cent carbon dioxide and air mixture 


nary vasomotion. 


and concluded that local vasoconstriction occurred. 
In 20 patients with congenital heart disease, Shep- 
hard (14) found that 5 per cent carbon dioxide 
given during catheterization produced moderate 
but consistent degrees of pulmonary hypertension. 


* Supported in part by grants from the United States 
Public Health Service (Grant A-1596), the North Caro- 
lina Heart Association, and the Life Insurance Medical 
Research Fund. 

+ Research Fellow of the American Heart Association, 
1958-1959. 


This was attributed to an increase of the total pul- 
monary vascular resistance as well as to a moderate 
increase in cardiac output and possibly also to an 
elevation of the pressure gradient across the lungs. 
On the other hand, Peters (15) observed that 
an increase in alveolar carbon dioxide tension in 
the dog lung, isolated by bronchospirometric tech- 
nique, was followed by an increase in oxygen con- 
sumption and presumably by a decrease in vascular 
resistance and an increase in blood flow through 
that lung. 

This study was designed to investigate the ef- 
fects of carbon dioxide on the pulmonary vas- 
cular bed and its mechanism of action. Prelimi- 
nary experiments, carried out in this laboratory 
on intact anesthetized dogs, suggested that inhala- 
tion of air containing a high concentration of 
carbon dioxide may alter the dynamics of the 
Several factors were identified 
responsible for 


lesser circulation. 
or suspected to be “indirectly 
these changes, i.e., stimulation of the respiratory 
center with variations of transpulmonary resist- 
ance, modification of airway resistance, and altera- 
tion of systemic circulatory hemodynamics. To 
evaluate the possibility of a “direct” effect of carbon 
dioxide on the pulmonary vascular bed, all these 
factors should be eliminated or controlled. This 
report describes the effect of carbon dioxide on the 
circulation of the isolated lung lobe. 


” 


METHODS 


In 15 healthy medium size dogs the left lower lobe 
was exposed, ventilated, and perfused under controlled 
conditions as shown in Figure 1. A Bird respirator was 
connected by a large plastic tube to the left lower lobe 
main bronchus in order that this lobe could be ventilated 
independently of the remaining lung. Intermittent posi- 
tive pressure not exceeding 25 mm Hg was used, and ven- 
tilation was kept constant throughout the experiment. 
A similar respirator connected with an endotracheal 
cannula ventilated the remaining parts of the lungs with 
normal minute volume for the animal. The pulmonary 
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Fic. 1. SCHEME OF EXPERIMENTAL 
artery to the left lower lobe was perfused with a Sigma- 
motor pump under constant flow, using venous blood ob- 
tained from the right atrium and collected into a reser- 
voir. The remainder of the lung was perfused in normal 
fashion by the right ventricle. 

Pressures were recorded continuously from the pul- 
monary artery and pulmonary vein of the isolated lobe. 
Pulmonary vascular resistance was calculated from the 
pressure gradient and the controlled flow rate and ex- 
pressed as millimeters of mercury per cubic milliliter per 
minute. Positive pressure in the left lower lobe main 
bronchus continuously monitored by a mercury 
manometer connected to the plastic cannula. Blood sam- 
ples were obtained from the left lower lobe pulmonary 
artery and vein during phases of the experiment for gas 
and pH determinations. Blood oxygen content and satu- 
ration were measured by the photometric method of 
Hickam and Frayser (16). Blood carbon dioxide was 
determined by the method of Peters and Van Slyke (17). 
The pH of whole blood was measured with a Cambridge 
Model R pH meter with enclosed glass electrode; meas- 
urements were corrected to 37° C, using Rosenthal’s fac- 
tor (18). Plasma carbon dioxide content was calculated 
from the blood carbon dioxide content, pH, and hemo- 
globin, using the line chart of Van Slyke and Sendroy 
(19). Carbon dioxide tension was calculated from this 
value, using the Henderson-Hasselbalch equation. All 
determinations were done in duplicate. Venous pCO. 
was taken to represent alveolar pCO.. 

This technique allowed the elimination or control of 
all factors that may indirectly interfere with perfusion of 


was 


PREPARATION. 


Manometer 


(a 


Divsiincan 


One 2 


etl 
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LLL = left lower lobe. 


blood through the lungs, such as cardiac output, left 
auricular pressure, airway resistance, and transthoracic 
pressure. It also permitted the oxygen and carbon dioxide 
tension to be varied as desired in the alveoli and pul- 
monary veins of the explored lobe by ventilating this 
lobe with various gas mixtures. Oxygen and carbon 
dioxide tension were also varied in the blood perfusing 
the isolated lobe by adjusting the rate of ventilation and/ 
or changing the respiratory gas administered to the re- 
maining parts of lung. 


RESULTS 


The results of the study are summarized in 
Table I. In nine animals, the administration of 
5 per cent and 10 per cent carbon dioxide in 20 
per cent oxygen and nitrogen mixture to the ex- 
plored lobe resulted in an increase in the alveolar 
and pulmonary venous carbon dioxide tension 
within one minute. 
the endobronchial or pulmonary venous pressures. 
The mean pulmonary artery pressure of the iso- 
lated lobe increased, however, from a mean for 
the group of 21 to 27 mm Hg. Since the blood 
flow was constant, the calculated pulmonary vas- 


No change was observed in 


cular resistance increased significantly in each 
case (Figure 2). The mean for the group changed 
from 0.20 to 0.29 mm Hg per ml per minute. 
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With the resumption of air breathing, alveolar and 
venous carbon dioxide tension, pulmonary artery 
pressure, and pulmonary vascular resistance re- 
turned toward control values. 

In four animals, carbon dioxide was subse- 
quently administered to the remaining parts of the 
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lungs (Table 1). This produced a marked eleva- 
tion of the carbon dioxide tension in the systemic 
blood (pCO, up to 82 mm Hg) and therefore in 
the blood perfusing the artery and vein of the left 
lower lobe, as well as in the alveoli of the same 
lobe. However, no significant change of the cal- 


TABLE I 


Effect of carbon dioxide on pulmonary circulation 


Remaining 
lung 


Gas Gas Mean 
(respirator (respirator Blood PA* 
no. 1) no. 2) flow pressure 


ml/min mm Heg 
air air 60 
air 10% CO. 60 
air air 60 


air air 100 
air 10% CO. 100 
air air 100 


air air 45 
air 10% CO. 45 
air air 45 


air air 60 
air 10°, CO. 60 
air air 60 


air air 100 
air 5% CO2 100 
air air 100 


air air 120 
air 10% COs» 120 
air air 120 


air air 120 
10° air 120 
air air 120 


air air 100 
air 10°, CO. 100 
air air 100 


air air 100 
10° air 100 
air air 100 


air air 60 
air 10° 3 60 
air air 60 


air air 60 
10% CO. air 60 
air air 60 


air air 60 
air 10% CO, 60 
air ; air 60 


air air 60 
10°, CO, air 60 
air air 60 


* PA = pulmonary artery; PV = pulmonary vein. 


Mean 


pressure 


mm Hg 


Left lower lobe 
Calculated 

py* vascular = the 

resistance PA pCO: PV pCO: 


PA pH PV pH 


mm Hg/ 
ml/min 


WwW Ww w 


N 
> 
5 


wun 


45.03 
48.72 
56.31 


on 
= 


“Ns 


69.44 


~ssIs] 


42.13 
46.51 
46.56 


— > 


21.09 
30.50 
20.01 


59.16 


82.00 
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Fic. 2. SIMULTANEOUS CHANGES IN PULMONARY VE- 
NOUS (ALVEOLAR) PCO, AND CALCULATED PULMONARY 
VASCULAR RESISTANCE DURING VENTILATION OF LEFT LOWER 
LOBE WITH CARBON DIOXIDE MIXTURE. 


culated pulmonary vascular resistance was ob- 
served in the isolated lobe (Figure 3). More- 
over, perfusion with hypocapnic blood (pCO, of 
16 mm Hg) produced no significant change in 
pulmonary arterial pressure or vascular resistance 
in three experiments. 

The results for an individual experiment are 
plotted in Figure 4 and relate change in pulmonary 
arterial and venous carbon dioxide tension, mean 
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Fic. 3. CHANGES IN LEFT LOWER LOBE PULMONARY AR- 
TERY PCO, WERE NOT ASSOCIATED WITH SIGNIFICANT VARI- 
ATIONS OF LOCAL CALCULATED PULMONARY VASCULAR RE- 
SISTANCE, 


arterial and venous pressures, and calculated pul- 
monary vascular resistance in the isolated lobe. 
With narrowing of the arteriovenous gradient for 
carbon dioxide, pulmonary arterial pressure and 
calculated pulmonary vascular resistance increased. 
Although the carbon dioxide tension of the per- 
fusing blood was markedly elevated in the second 
phase of the experiment, a normal arteriovenous 
gradient for carbon dioxide was maintained, and 
no change in pulmonary hemodynamics was ob- 
served. 
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Fic. 4. EXAMPLE OF AN INDIVIDUAL EXPERIMENT (SEE 
TEXT). LLL= left lower lobe; PA = pulmonary artery; 
PV = pulmonary vein. 


In Figure 5 the changes in pulmonary arterio- 
venous carbon dioxide tension gradient are plotted 
against calculated pulmonary vascular resistance 
for seven experiments. As the arteriovenous dif- 
ference for carbon dioxide narrowed, calculated 
pulmonary vascular resistance increased. 

In three animals, ventilation of the left lower 
lobe with low oxygen mixtures (13 to 16 per 
cent) resulted in a mean change in pulmonary ve- 
nous oxygen saturation from 94.0 to 79.0 per cent. 
Mean increases were observed in pulmonary ar- 
terial pressure and calculated pulmonary vascular 
resistance from 19 to 24 mm Hg and from 0.33 to 
0.37 mm Hg per ml per minute, respectively. 
Perfusion of the lobe with hypoxic blood (oxygen 
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saturation of 20 per cent) produced no change in 
the calculated pulmonary vascular resistance. 


DISCUSSION 


In the isolated lung lobe used for these studies, 
all the factors capable of producing circulatory 
changes, such as blood flow, airway resistance, and 
left heart hemodynamics, were controlled. There- 
fore, variations in the calculated pulmonary vas- 
cular resistance were taken as expression of pul- 
monary vasomotor activity. Moreover, in the 
technique of isolating the lobe, most of its nervous 
supply was resected and the hemodynamic altera- 
tions observed were interpreted as reflecting a lo- 
cal rather than a central response to change in al- 
veolar gas tensions. The data presented indicate 
that the partial pressure of carbon dioxide, as well 
as of oxygen, at the level of the alveolus has a 
role in regulating the alveolar perfusion. 

Simultaneous changes of either carbon dioxide 
or oxygen tension in the pulmonary artery and 
in the pulmonary vein of the isolated lobe had no 
effect on local hemodynamics. On the other hand, 
an increase in alveolar and venous pCO,, whereby 
the gradient for pCO, between the blood reaching 
the alveolus and the blood leaving the alveolus is 
lowered, produces a local elevation of the calcu- 
lated pulmonary vascular resistance. This is ex- 
emplified by the schematic drawing shown in 
Figure 6. The sections on the right in each of the 
three drawings indicate the explored pulmonary 
segment, namely the left lower lobe. Drawing 1 
represents the baseline situation when the pul- 
monary arteriovenous gradient in the explored lobe 
for one of the respiratory gases, in this case carbon 
After administration of 
carbon dioxide to the left lower lobe, the gradient 


dioxide, is 11 mm Hg. 


decreases to 1 mm Hg, and local vascular constric- 
tion ensues (Drawing 2). After administration of 
carbon dioxide to the remaining lobes of the lungs, 
the pCO, in the perfusing blood increases mark- 
edly, but the gradient remains wide and no 
vasomotor response is detected (Drawing 3). 


Apparently a decrease in gradient of carbon 
dioxide or oxygen tension across the alveolus is 
capable of regulating local resistance and pressure 


levels. The site of action of this vasomotor re- 
sponse has not been definitely identified. Pul- 
monary arteriolar constriction has been suggested 
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Fic. 5. SIMULTANEOUS CHANGES IN PULMONARY AR- 
TERIOVENOUS PCO, GRADIENT AND CALCULATED PULMO- 
NARY VASCULAR RESISTANCE IN THE ISOLATED LEFT LOWER 
PA = pulmonary artery; PV=pulmonary vein. 


LOBE, 
by von Euler and Liljestrand (1), Siebens, Smith 
and Storey (7), Rahn and Bahnson (20), Hiirli- 
mann and Wiggers (21), and Stroud and Conn 
(22 It has also been proposed that the vaso- 
motor activity of the alveolar capillaries could be 
responsible for the hemodynamic changes that fol- 
low alterations in alveolar oxygen tension (4). 
Finally, there is suggestive evidence that the 
pulmonary veins may play an important role in 
this vasomotor reaction (10, 23). With the use 


Fic. 6. DIAGRAMMATIC PRESENTATION OF EFFECT OF 
CARBON DIOXIDE ON PULMONARY VASCULAR RESISTANCE. 
Values represent carbon dioxide tension in millimeters of 
Hg; dotted areas, pulmonary arterioles; lined areas, pul- 
monary venules (see text). 
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of Knisely’s technique (24) for direct visualization 
of small pulmonary vessels, the problem of identi- 
fying the vascular segment responsible for the 
increase in resistance to blood flow through hy- 
poxic and hypercapnic areas of the lung is being 
investigated in our laboratory. Preliminary ob- 
servations on dogs indicate that, when the ani- 
mals are ventilated with high concentrations of 
carbon dioxide, a measurable decrease in diameter 
occurs (mean decreases ranged from 4 to 21 per 
cent) at the level of the pulmonary arterioles (100 
to 200 »), which return to their previous size when 
air breathing is resumed (25). 

From our experiments the possible role, if any, 
played by the vascular anastomotic systems within 
the lungs (bronchial artery-pulmonary artery ; pul- 
monary artery-pulmonary vein; pulmonary vein- 
bronchopulmonary vein) in producing pulmonary 
hemodynamic alterations, cannot be ascertained. 

No correlation has been found between varia- 
tions in the pulmonary arterial and venous blood 
pH, as measured directly, and pulmonary dynamic 
changes. Therefore, it can be stated that the pH 
changes, whenever they occur, are not of primary 
importance in regulating the vascular responsive- 
ness. 

Investigations by other workers, and observa- 
tions made by us as a corollary study to the carbon 
dioxide experiments, have shown that a decrease 
in alveolar oxygen tension results in elevation of 
It would ap- 
pear that whenever oxygen uptake across the al- 


the pulmonary vascular resistance. 


veolus is for any reason decreased, a local increase 
The re- 
sults of the present study indicate that a similar 


in the resistance to flow of blood ensues. 


phenomenon may occur when alveolar function is 


impaired and there is alveolar carbon dioxide re- 


tention with consequent decrease in the local ar- 
teriovenous pCO, gradient. It is suggested that 
under these circumstances, arteriolar vasoconstric- 
tion takes place in the attempt to divert blood to 
Moreover, 
it is also possible that when rapid carbon dioxide 


well ventilated segments of the lungs. 


retention occurs in large areas of the lungs, as in 
acute and diffuse pulmonary diseases, widespread 
increased resistance to flow may be significant in 
producing pulmonary hypertension and right-sided 
failure, along with factors such as hypoxia and in- 
creased cardiac output. 
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SUMMARY 


The effect of alveolar and blood carbon dioxide 
tension changes on the pulmonary vascular dy- 
namics has been studied in 12 dogs, using the left 
lower lobe isolated and mechanically ventilated 
and perfused. Corollary observations have also 
been made for alveolar and blood oxygen tension 
changes. Increase in alveolar and pulmonary ve- 
nous carbon dioxide tension, whereby the pCO, 
gradient between pulmonary arterial and pulmo- 
nary venous blood was lowered, resulted in a lo- 
cal elevation of pulmonary vascular resistance, 
probably from pulmonary arteriolar constriction. 
No significant hemodynamic variation occurred 
with high or low carbon dioxide tensions in the 
pulmonary artery, vein, or alveoli of the explored 
lung segment as long as a large pulmonary ar- 
teriovenous gradient for pCO, was maintained. 

Decrease in alveolar and pulmonary venous oxy- 
gen tension, whereby the oxygen tension gradient 
between pulmonary arterial and venous blood was 
lowered, resulted also in local elevation of pul- 
the 
isolated lobe with hypoxic blood produced no 


monary vascular resistance. Perfusion of 


change in local pulmonary vascular resistance. 

It is postulated that a local homeostatic mecha- 
nism exists, probably similar to the one described 
for oxygen, which can divert blood from poorly 
ventilated alveoli that retain carbon dioxide to ade- 
quately ventilated segments of the lung. 
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Generalized and severe vasoconstriction is 
promptly induced when endotoxin is introduced 
into the blood stream of animals (1). This ini- 
tial vasospasm is often followed shortly by vaso- 
dilation and peripheral vascular failure. An added 
feature of endotoxin shock is the frequent appear- 
ance of renal failure, often followed by oliguria, 
anuria, uremia, and death. 

Because renal failure is such a grave complica- 
tion in patients with shock and bacteremia caused 
by gram-negative bacteria, we have carried out 
studies on animals in order to obtain more in- 
formation on the nature of the renal failure oc- 
curring in endotoxin shock. In the first series of 
studies, anesthetized eviscerated dogs were em- 
ployed in such a manner that the weight of a kid- 
ney could be correlated with renal blood flow and 
urinary output (2). The exposed kidney still at- 
tached to its pedicle was loosely suspended by the 
capsule to a weighing device so that weight changes 
could be traced on a Sanborn Poly Viso recorder. 
Within a few seconds after the injection of Es- 
cherichia coli endotoxin into the animal, and even 
before the appearance of hypotension, a pro- 
nounced diminution in renal blood occurred, which 
was reflected in a reduction in kidney weight. 
The maximum reduction in weight averaged 25 
per cent, and took place within 10 to 20 minutes. 
Coincident with this reduction in weight the flow 
of urine ceased. These studies on renal function 
produced by endotoxin were investigated further 
in the isolated heart-lung-kidney preparation of 
the dog (3). It was concluded that the primary 
actions of endotoxin on the kidney were due to 
vasoconstriction and to a reduced renal blood flow. 

While the ischemia and anoxia of the kidney 
that are produced by endotoxin cause a rapid re- 
duction in renal function, which may be irreversi- 
ble, very few or no morphologic changes can be 
detected during the early stages by the usual histo- 


logic techniques. The degree of discernible renal 


damage induced by ischemia is dependent upon 
the period of time during which the ischemia and 
anoxia persist (4, 5). This has been demon- 
strated in human subjects with acute renal failure 
in whom serial renal biopsies have been carried 
out (6). 

Since we had observed in human subjects and 
in experimental animals with fatal endotoxin shock 
a lack of correlation between severe renal failure 
and morphologic changes in the kidney, the pos- 
sibilities of employing histochemical techniques in 
order to detect changes were explored. Since it 
had been well established that the enzyme, alkaline 
phosphatase, was present in abundance in the kid- 
neys of many mammalian species, including hu- 
mans, the renal ischemia and anoxia caused by 
with the amount of 
phosphatase present in the renal tissue. It is sig- 
nificant that the alkaline phosphatase is particu- 


endotoxin were correlated 


larly abundant in the region of the proximal con- 
voluted tubules, and it is this area that is es- 
pecially vulnerable to the effects of ischemia (7,8). 
Beyer (9) has pointed out that alkaline phospha- 
tase is found in the brush borders of the tubule 
cells and in the luminal membrane, while the acid 
phosphatase exists in a more diffuse pattern on the 
interstitial side of the cells. Brain and Kay (10) 
made quantitative determinations on alkaline phos- 
phatase in human kidneys and found a marked 
diminution in those which 
renal disease was present. 
marked reduction of alkaline phosphatase in the 
kidneys of rabbits in which tubular damage fol- 
lowed the injection of uranyl nitrate. Others (11) 


instances in severe 


They also found a 


reported a reduction in the alkaline phosphatase 
of abnormal human kidneys, including the kidneys 
from one case of traumatic shock. Wilmer (12) 
found less phosphatase in the kidneys of rabbits 
following the mechanical production of renal 
ischemia. 

In the present investigation the distribution 
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of alkaline phosphatase was studied in kidneys 
of patients dying from causes other than renal 


failure, and also of patients dying from shock and 
The patients dying from shock in- 


renal failure. 
cluded some who had bacteremia and renal fail- 
ure caused by gram-negative bacteria. In addi- 
tion, serial studies on alkaline phosphatase were 
carried out in the kidneys of dogs, rabbits, guinea 
pigs, rats and mice, that had been given E. coli 
endotoxin. 


METHODS 


Demonstration of alkaline phosphatase. (Gomori's tech- 
nique, as described by Lillie (13), was employed for 
demonstrating phosphatase. The phosphatase was dem- 
onstrated by a staining technique rather than by quanti- 
tative chemical titrations because it was desirable to 
detect the distribution of phosphatase in the kidney after 
the appearance of shock. It was surmised that the vaso- 
constriction might be segmental and, as a consequence, 
there would be a segmental ischemia and anoxia. A 
distribution of would then be 
anticipated. This distribution clearly 
demonstrated in the experiments to be reported in this 
communication. Shortly after death of the patient, sec- 
tions of the kidney were fixed in alcohol for the demon- 
stration of phosphatase, and in formalin for comparative 
histologic examination of tissue stained with hematoxylin 
and eosin. In the case of animals to which endotoxin had 
been given, both kidneys were removed immediately after 
death and fixed for phosphatase and for staining with 
hematoxylin and eosin. It was observed in preliminary 
studies that reliable comparative studies for phosphatase 
could only be made when all of the tissues were sectioned 
and stained at the same time. Therefore, all of the kidney 
sections of a given species which had received endo- 
toxin, with appropriate controls, were sectioned and 
stained simultaneously. 
Endotoxin. One lot of E. 
throughout. The dose of endotoxin selected was sufh- 
cient to produce shock, but death did not always result. 


segmental phosphatase 


segmental was 


coli endotoxin was used 


Those animals that did not die from shock were sacri- 
ficed at intervals to be noted. 

Swiss-Webster male mice weighing approximately 20 g 
were given 0.025 mg of endotoxin intraperitoneally and 
sacrificed 16 and 48 hours later. 
was not lethal within this period. 

Unanesthetized stock pigs averaging 250 g 
were the subjects of 2 experiments. In the first group, a 
nonlethal dose of 0.75 mg of endotoxin per kg of weight 
was given intraperitoneally. The second group received 
1.5 mg per kg, which proved lethal within 6 to 8 hours. 

Sprague-Dawley male rats weighing 300 to 500 g were 
given 10 mg of endotoxin per 250 g intravenously, in 
the tail vein. This dose was sufficient to produce a severe 
state of vasoconstriction that could be readily detected in 


1 Difco Labs, Inc., Lot no. 206B6. 


This dose of endotoxin 


guinea 


303 


the ears and paws. Death occurred within 6 to 8 hours 
after the injection of endotoxin. 

Two schedules of doses were used in unanesthetized 
stock rabbits weighing 3 to 5 kg. In one experiment, 3 
mg per kg of body weight was administered through an 
ear vein, and in a second experiment 5 mg per kg was 
given. Both of these doses were lethal for the majority 
of animals within 8 to 12 hours. 

Mongrel dogs weighing 8 to 10 kg were anesthetized 
with 30 mg of sodium pentobarbital (Nembutal) per 
kg of body weight before receiving an intravenous in- 
jection of 0.1 mg of endotoxin per kg. This dose, al- 
though not uniformly lethal, was sufficient to produce 
severe shock. Kidneys were studied in those animals 
which had either died or had been sacrificed 2 to 48 
hours after having received endotoxin. 


RESULTS 
Alkaline phosphatase in human kidneys 


Phosphatase in the kidneys of 14 patients was de- 
termined in a semiquantitative manner by grading 
from 0 to 4+, as seen in Table I. 
these subjects ranged from a fetus of 5.5 months 
to an adult 81 years of age. Two patients (Cases 
2 and 3), dying from carcinoma, had kidneys 


The ages of 


with maximum amounts of phosphatase. The sec- 
tion of kidney from Case 2 is shown in Figure 1. 
This is to be compared with the findings in Case 
14, which represents a young adult male who suf- 
fered from burns and shock due to a bacteremia 
with Pseudomonas aeruginosa. As seen in Fig- 
ure 2, no phosphatase was demonstrated in this 
patient’s kidneys. We have confirmed the obser- 
vation that the very young have normal kidneys 
containing less phosphatase than the kidneys of 
normal adults. Cases 1 and 6 represent a fetus of 
5.5 months and an infant 6 months of age, re- 
spectively. 

The kidneys from patients dying from shock and 
renal failure as a result of hemorrhage, myocardial 
infarction or sepsis, all had reduced amounts of 
In addition, one patient (Case 10), 
with chronic glomerulonephritis and uremia, had 


phosphatase. 


kidneys without any demonstrable phosphatase. 
The findings in Patients 12 and 13 are of par- 
ticular interest. Both of these had had severe re- 
nal failure and shock induced by bacteremia. The 
blood pressures in each were maintained for sev- 
eral days with pressor amines. Adrenocorti- 
costeroids were also administered to them. A\l- 
though the blood pressures were stabilized, and the 
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TABLE I 


Study of alkaline ph 


os phatase in human kidneys 





Patient 


no. Age and sex Cause of death 


1 Fetus-5.5 mo 


25 F 
62 M 





Spontaneous abortion; lived 
4 hours 

Cancer of breast 

Cancer of esophagus 


56 F 
23 F 
6mo M 
53 M 


Cancer of colon 
Pneumonia 

Subarachnoid hemorrhage 
Hemorrhagic shock 


66 M Hemorrhagic shock 


81 M Acute myocardial infarct 
with shock 
55 Chronic glomerular nephritis 
with uremia 
Acute sepsis with shock 
Postoperative bacteremia 
with shock 
Cancer of bladder with shock 
due to bacteremia (Pro- 
teus) and hemorrhage 
Burns with shock due to 
bacteremia (Pseudomonas 
aeruginosa) 


* + = Trace of phosphatase; ++++ = 


urinary output increased in both of these patients, 
they had uremia when they expired. The kidneys 
did not exhibit acute tubular necrosis, and the 
phosphatase content was only moderately de- 
creased. 

We have confirmed the observation that severe 
renal failure may be associated with few or no 
morphologic changes, as demonstrated with the 


Fic. 1. PHOSPHATASE IN NORMAL x55 
(CASE 2). 
Fic. 2. ABSENCE OF PHOSPHATASE IN KIDNEY OF YOUNG 
ADULT MALE WHO DIED FROM SHOCK FOLLOWING SEVERE 
BURNS AND BACTEREMIA DUE TO PSEUDOMONAS AERUGI- 


NOSA; X 5.5 (Case 14). 


KIDNEY ; 


Alkaline 


; Sections stained with hematoxylin 
phosphatase* i 


and eosin 





++ Normal 
+ + Normal 
+ + Arteriosclerotic changes; occasional hya- 
line glomerulus 
Slight arteriosclerotic changes 
Normal 
Normal 
Dilated proximal convoluted tubules; hy- 
dropic vacuolization 
Arteriosclerotic changes; dilated proximal 
tubules; hydropic changes 
Arteriosclerotic changes 


Severe hyalinization of glomeruli; atrophy 
of tubules 

Normal 

Dilated proximal tubules; flattened epi- 
thelial cells; casts 

Arteriosclerotic changes ; dilated proximal 
tubules; cellular infiltrate interstitial 
tissue 

Dilated tubules and flattened epithelial 
cells 


maximum amount of phosphatase. 


hematoxylin and eosin stain. This was particu- 
larly evident in a case studied through the courtesy 
of Dr. Wendell Hall, and not included in Table 1. 
A young adult male was transfused with blood con- 
taminated with Paracolobactrum aerogenoides. 
Shortly after the completion of the transfusion he 
developed shock and renal failure, and died 60 
hours later. Microscopic examination of sections 
of his kidney (Figure 3) showed only slight dila- 
tation and flattening of the tubules. 


Phosphatase studies in animals given endotoxin 


Mice. A group of ten Swiss-Webster mice were 
given a nonlethal dose of E. coli endotoxin in- 
traperitoneally. The animals appeared to have 
fully recovered from the endotoxin when sacrificed 
16 to 48 hours later. Figure 4 shows the distribu- 
tion of phosphatase in the kidney of a normal 
Swiss-Webster mouse, while Figure 5 is repre- 
sentative of the slight amount of the enzyme pres- 
ent in the kidney of a mouse of the same species 
No 
morphologic changes were seen with hematoxylin 
and eosin stain in the kidneys of mice that had 
It was concluded from this 


sacrificed 16 hours after receiving endotoxin. 


received endotoxin. 





RENAL PHOSPHATASE AND ENDOTOXIN SHOCK 


experiment that reversible shock produced in mice 
with endotoxin with a marked 
decrease in renal phosphatase that occurred within 
24 hours. 

Rats. The normal kidney of the Sprague- 
Dawley rat contains an abundance of phosphatase, 
When sublethal amounts of 
endotoxin were given into the tail vein of this 


was associated 


as seen in Figure 6. 


strain of rats there was no gross or microscopic 
evidence of a decrease in phosphatase. It is sig- 
nificant that the adult rat proved to be very re- 
sistant to endotoxin, but when a large dose of en- 
dotoxin (10 mg per 250 g) was given intrave- 
nously, a uniform sequence of events occurred. 
The outstanding feature was a severe degree of 
vasoconstriction that occurred within 20 minutes 
after the endotoxin had been injected. The ears 
and feet appeared marble-white, instead of the 


usual pink color. Within another ten minutes the 


pinkness returned, which was gradually followed 


6 
Fic. 4. 
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Fic. 3. MINIMAL CHANGES IN KIDNEY OF YOUNG 
ADULT WHO DIED AS RESULT OF SHOCK AND ANURIA 60 
HOURS AFTER RECEIVING TRANSFUSION CONTAMINATED 
WITH PARACOLOBACTRUM AEROGENOIDES. Slight dila- 
tation of the proximal convoluted tubules is noted. He- 
matoxylin and eosin stain, X 100 (courtesy of Dr. Wen- 


dell Hall). 


DISTRIBUTION OF PHOSPHATASE IN NORMAL KIDNEY OF SwIss- 


WEBSTER MOUSE; X 5.5. 


Fic. 5. MARKED DIMINUTION OF 


PHOSPHATASE IN KIDNEY OF SWISS- 


WEBSTER MOUSE 16 HOURS AFTER INJECTION OF ENDOTOXIN, X 5.5. 
Fic. 6. DiIstRIBUTION OF PHOSPHATASE IN NORMAL KIDNEY OF SPRAGUE- 
DAWLEY RAT; X 5.5. 
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by cyanusis and death of the animals within five 
hours. Autopsy revealed a hemorrhagic mucosa 
of the intestinal tract. The hematoxylin and 
eosin preparations of kidney showed no morpho- 
logic changes. The phosphatase stain did not re- 
veal any consistent decrease in the amount of phos- 
phatase, but under close microscopic examination 
there was a segmental disappearance of phospha- 
tase in some areas of the cortex as compared with 
the normal control. It was concluded from this 
acute experiment that the severe vasoconstriction 
resulting from the endotoxin involved the kidney, 
and ischemia and anoxia affected some parts of the 
kidney more than others. This vasoconstriction 


was associated with a segmental depletion of 
phosphatase. 
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Guinea pigs. This species was also found to be 
quite resistant to the lethal action of endotoxin, and 
preparations of kidney from normal animals re- 
vealed a rich deposit of phosphatase in the tubules 
of the cortex. Phosphatase studies were carried 
out on ten animals injected intraperitoneally with 
endotoxin. When the animals were sacrificed 24 
hours after having received 1.5 mg per kg of en- 
dotoxin, no morphologic alterations were seen 
with the hematoxylin and eosin stain, and other 
fixed sections showed no consistent reduction in 
phosphatase. When examined microscopically, the 
segmental diminution of phosphatase observed 
in the kidneys of rats was also demonstrated in 
the kidneys of the guinea pigs. 

Rabbits. Our experience with rabbits in the 


9 


Fic. 7. PHOSPHATASE IN NORMAL KIDNEY OF DOG; X 5.5. 
Fic. 8. SEGMENTAL DECREASE IN PHOSPHATASE OF KIDNEY FROM DOG 24 HOURS AFTER 
RECEIVING ENDOTOXIN; X 5.5. 


Fic. 9. 


DECREASE IN PHOSPHATASE OF KIDNEY FROM DOG SACRIFICED TWO HOURS AFTER RECEIVING 


ENDOTOXIN; X 5.5. 





RENAL PHOSPHATASE AND ENDOTOXIN SHOCK 


overall study of the hemodynamic changes re- 
sulting from endotoxin has been inconsistent and 
disappointing. This is due to the fact that this 
species “is notorious for the lability of its vasom- 
otor and renal function” (14). Ina study in eight 
rabbits it was possible to demonstrate the same 
segmental decrease in tubular phosphatase fol- 
lowing endotoxin as was noted in rats and in 
guinea pigs. This was particularly noted in the 
kidneys of rabbits that had died eight hours after 
having received an intravenous dose of endotoxin 
(5 mg per kg). 

Dogs. We have found dogs satisfactory for the 
study of certain hemodynamic effects of endotoxin, 
which included morphologic and functional investi- 
gations on the kidney. This species is compara- 
tively sensitive to endotoxin. In one series of ex- 
periments involving six dogs an intravenous dose 
of 0.1 mg of endotoxin per kg produced death 
in two animals within two to six hours. In the 
present study on renal failure 27 dogs were em- 
ployed. When the left kidney was exposed 
through an abdominal incision in the intact dog, 
a prompt contraction in the size of the kidney was 
detected within a few minutes after the injection of 
endotoxin. Contraction of the spleen also oc- 
curred. The manifestation of renal vasoconstric- 
tion was simultaneously associated with a diminu- 
tion in urinary flow. Continuous observations 
revealed that the initial period of severe renal vaso- 
constriction was followed in one to two hours by 
vasodilation, which was particularly obvious in 
the renal vein. 

It was significant how quickly the amount of re- 
nal phosphatase was decreased after the injection 
of endotoxin. Figure 7 demonstrates the phos- 
phatase in the kidney of the normal dog. Figure 
8 is representative of the segmental decrease in 
enzyme in the kidney of a dog that developed 
shock following the injection of endotoxin, but 
which subsequently recovered. The animal was 
sacrificed 24 hours after receiving the endotoxin. 
But more remarkable was the segmental diminu- 
tion of phosphatase in a dog sacrificed two hours 
after receiving endotoxin (Figure 9). The dog 
was in a state of severe shock when sacrificed and 
undoubtedly would have expired within a short 
time. Just before the animal was sacrificed direct 
observations were made of the kidney through an 
incision. The renal vein appeared dilated, while 
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the renal arery was very constricted. Immediately 
after removing a kidney the cut surface of the 
renal cortex looked very pale. No other gross 
changes were apparent. 

Although all of the dogs that had received en- 
dotoxin showed a diminution in the amount of 
renal phosphatase, all of these dogs had ex- 
hibited shock before death, and all of the kidneys 
were studied within 24 hours after the injection 
of endotoxin. No morphologic changes were seen 
in sections of kidney stained with hematoxylin and 
eosin. 


Attempts to relate diminution of renal phosphatase 
to anoxia 


Twelve normal Swiss-Webster mice were sac- 
rificed. The kidneys of one animal were im- 


mediately removed, sectioned and stained for 


phosphatase. One kidney from each remaining 
mouse was kept in a sterile container at room 
temperature, and the other at 37° C. At intervals 
of 24 hours, a kidney maintained at room tempera- 
ture, and another at 37° C were sectioned and 
stained for alkaline phosphatase. At the end of 
120 hours the paired kidneys revealed the pres- 
ence of severe postmortem changes and necrosis, 
but contained the same amount of phosphatase as 
those kidneys removed and stained immediately 
after death. Anoxia, per se, is apparently not the 
only factor responsible for the decrease in the 
amount of phosphatase. 


DISCUSSION 


This investigation has shown that there is a 
reduction in demonstrable alkaline phosphatase in 
human kidneys following hemorrhagic shock, 
chronic glomerular nephritis, shock due to myo- 
cardial infarction, and shock associated with 
severe sepsis. Furthermore, when endotoxin 
was injected into mice, rats, guinea pigs, rabbits 
and dogs, a decrease in renal phosphatase was 
observed as early as two hours after the endotoxin 
had been given to dogs and within 24 hours in all 
of the other species. The renal failure that is in- 
duced by endotoxin is accompanied by a prompt 
reduction in renal blood flow. The reduced blood 
flow is associated with renal vasoconstriction and 
with decreased cardiac output. Anoxia, which 
results from these hemodynamic changes, un- 
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doubtedly plays an important role in renal failure. 

We have no evidence at all that the endotoxin 
is directly responsible for the decrease. The ques- 
tion arises as to whether or not anoxia is the pri- 
mary cause for the decrease in alkaline phospha- 
tase. The enzyme is concentrated in the proximal 
convoluted tubules, which possess a high degree 
of metabolic activity. It is well established that tu- 
bular function, as well as that of the rest of the 
nephrons, is depressed by anoxia. It has been 
pointed out that the reversibility or irreversibility 
of renal failure following a state of anoxia is de- 
pendent upon the duration of time in which renal 
blood flow has been impaired (15). It has been 
recorded that the kidneys of both the dog and man 
can be deprived of their blood supply for up to 90 
minutes and, with the resumption of blood flow, 
function can be restored (16). Constriction of the 
renal artery in the rabbit for 60 to 120 minutes 
will result in degenerative changes in the proxi- 
While the severe 
vasoconstriction and ensuing anoxia can be caus- 
ally related to the impaired renal function, the 


mal convoluted tubules (17). 


precise mechanism for the decrease in alkaline 
phosphatase is not understood. That 
per se, is not directly responsible is supported by 
the studies on the kidneys of mice which had been 
The kidneys of mice that 


anoxia, 


dead for several days. 
had been dead for five days revealed the same 
abundance of phosphatase as that observed in the 
kidneys removed and stained immediately after 
death. The most likely explanation for the de- 
crease in phosphatase is a derangement of renal 
metabolic activity resulting the 
Hoare and Delory (18) have shown that sodium 
cyanide inhibits alkaline phosphatase in the hu- 


from anoxia. 


man kidney, and the phosphatase can be reacti- 
vated by magnesium and zinc ions. This suggests 
that renal phosphatase may be inactivated through 
a mechanism of defective intracellular oxidation. 

We have been unable to quantitate any disturb- 
ance in renal function, as a result of endotoxin 
shock, that could be correlated with a diminution 
in phosphatase. In a comprehensive discussion 
on phosphatase Roche (19) has stated, “Although 
it is not actually possible to state precisely the 
mechanism of action of alkaline phosphatase in 
kidney secretion, its abundance and its localization 
at least suggest that the enzyme takes part in the 
tubular resorption of glucose, probably in the de- 
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phosphorylating phase.’ In support of this he 
states that the toadfish, Opsanus tau, is an aglo- 
merular animal that contains no tubular phospha- 
tase and neither secretes nor excretes sugar. 
However, others (20) have examined a wide va- 
riety of aglomerular marine teleosts and have 
found alkaline phosphatase in the brush borders of 
the “proximal” segment. They concluded that 
the enzyme could not function only in the absorp- 
tion of glucose from the glomerular filtrate. Uti- 
lizing a microanalytic technique, Pollak, Bonting, 
Muehrcke and Kark (21) could not find a corre- 
lation between glucose reabsorption and _ phos- 
phatase in the human kidney. In phlorizin gly- 
curesis in the cat and dog having acute and chronic 
phlorizin poisoning there is no diminution in alka- 
line phosphatase (22). It is significant that gly- 
cosuria is not a prominent feature in either pa- 
tients or in experimental animals having severe 
endotoxin shock. 

The diminution of renal phosphatase from the 
mammalian kidney as a result of endotoxin shock 
would indicate that the enzyme is released from the 
tissues into the blood stream, and elevated blood 
concentrations of phosphatase should be encoun- 
tered. We have observed marked increases in 
the levels of alkaline phosphatase in rabbits and in 
dogs as a result of endotoxin shock. Smith, Kep- 
pie, Stanley and Harris-Smith (23) and Ross (24) 
also found elevated levels of alkaline phosphatase 
in the blood of guinea pigs whose kidneys showed 
the loss of phosphatase because of shock due to an- 
thrax. It is not unlikely that the elevated phospha- 
tase levels in the blood are derived from other tis- 
sues as well as from the blood. In anthrax shock 
of guinea pigs, the concentrations of alkaline phos- 
phatase were also increased in the urine. 

The present studies emphasize the severe func- 
tional impairment that can occur in shock without 
demonstrable morphologic changes in the involved 
tissues. Severe and irreversible renal failure 
takes place through mechanisms that are little 


understood. The marked depletion of alkaline 


phosphatase in a brief period of time, which can 


be correlated with grave functional disturbances, 
suggests that further studies on renal enzyme sys- 
tems might be fruitful toward a better under- 
standing of irreversible renal failure that occurs 
in shock. 





RENAL PHOSPHATASE AND 


SUMMARY 


1. The demonstration of alkaline phosphatase in 
the kidneys of several representatives of the mam- 
malian species, including man, was readily carried 
out with a modified histochemical technique of 
Gomori. <A decrease in phosphatase was noted 
in the kidneys of patients dying from various forms 
Endotoxin shock was produced in the 
A seg- 


of shock. 
mouse, rat, guinea pig, rabbit and dog. 
mental decrease in renal phosphatase was observed 
in the kidneys of each of these species, although 
morphologic changes could not be demonstrated 
in sections stained with hematoxylin and eosin. 


2. Previous experiments had revealed that renal 


failure in endotoxin shock was caused by vaso- 
constriction and by a reduced blood flow, which 
resulted in anoxia and a cessation of urine flow. 
The vasoconstriction is segmental, and this is cor- 
related with a segmental disappearance of phos- 
phatase from the kidney. 

3. The function of renal phosphatase is not un- 
derstood. The present investigations suggest that 
endotoxin shock results in a defective mechanism 
of intracellular oxidation in the kidney which re- 
sults in the loss of phosphatase. 
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In a previous paper (2) it was shown that in 
normal rats epinephrine causes an immediate ele- 
vation of plasma free fatty acid (FFA) ? levels and 
a delayed rise in serum cholesterol and phospho- 
lipids. The responses were similar to but smaller 
in magnitude than those seen in dogs (3). In the 
rat studies it was further shown that removal of 
the pituitary or of the adrenal glands abolished 
these responses to epinephrine completely or al- 
most completely. The present studies in dogs were 
undertaken to permit a more critical evaluation 
of the role of the pituitary-adrenal axis in condi- 
tioning the lipid responses to epinephrine. Using 
dogs it has been possible to follow the time course 
of the epinephrine responses in individual animals. 
Furthermore, it has been possible to study the 
responses of the same animals before and after 
hypophysectomy or adrenalectomy and again after 
institution of supportive hormonal therapy. 


METHODS 


Male mongrel dogs (12 to 18 kg) were maintained on 
dry meal mixed with a small supplement of meat. A 
measured amount of ration was offered each morning 
and was consumed completely within 4 hours. Control 
blood samples were drawn from a leg vein after an over- 
night fast. In studies of 24 hours’ duration or less no 
food was allowed. In the studies lasting 3 days no food 
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desoxycorticosterone acetate; ACTH = adrenocortico- 
tropic hormone. 
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was allowed during the first 24 hours and 
feedings were given on the second and third days. 
studies of the acute responses to epinephrine (Parke, 
Davis and Co.), 20 to 25 wg per kg was injected intra- 
venously over a period of 30 seconds and blood samples 
were drawn from the opposite limb at 2, 5, 10, 40 and 
60 minutes. For studies of longer term responses, epi- 
nephrine in peanut oil (Parke, Davis and Co.) was in- 
jected subcutaneously and blood samples were taken at 
hourly intervals for 4 to 6 hours, at 8 hours and at 24 
hours. Blood samples placed in heparinized 
tubes containing sodium fluoride, chilled and then cen- 
trifuged. Plasma free fatty determined 
by a modification 2 of the method of Gordon (4). The 
plasma, instead of being lyophilized, is dehydrated by 
acetic anhydride added to the extraction mixture: 50 ml 
acetic anhydride, 450 ml glacial acetic acid, 300 ml iso- 
octane (2,2,4-trimethylpentane), 0.5 ml concentrated sul- 
furic acid. One ml of plasma was added to 30 ml of this 
extraction mixture. After 1 to 24 hours, 5 ml of water 
was added, causing separation into 2 phases. The iso- 
octane phase was washed with acidified water and an 
aliquot was titrated as described by Gordon. Cholesterol 
was determined by the method of Sperry and Webb (5), 
lipid phosphorus by a modification of the method of 
Stewart and Hendry (6), total lipids and triglycerides by 
the method of Bragdon (7). Blood glucose was deter- 
mined by the Somogyi-Nelson method (8). 
Adrenalectomies were performed by Dr. John E. Hol- 
man of the National Heart Institute, using a transperi- 
toneal approach. For 7 to 14 days after surgery the 
dogs were given daily injections of cortisone (Cortone 
Acetate, Merck, Sharp and Dohme), 3 mg per kg, and 
desoxycorticosterone (DOCA, The Upjohn Co.), 5 to 
12.5 mg per day. The response to epinephrine was de- 
termined while the animals were on this regimen. 
Cortisone was then withdrawn but DCA was continued 
and the epinephrine response was determined again in 
10 days. In some cases a third epinephrine study was 
carried out after reinstituting cortisone therapy for 14 


were 


acids were 


days. 

Hypophysectomies were performed by Mr. Alfred G. 
T. Casper, using a transpharyngeal approach. No 
maintenance hormonal therapy was given. 
to epinephrine was studied 1 week after surgery, after 6 


Response 


2 Shafrir, E. To be published. 
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TIME COURSE OF FFA AND GLUCOSE RESPONSES TO INTRAVENOUS INJECTION 


AQUEOUS EPINEPHRINE (20 To 25 wG PER KG) GIVEN AT ZERO TIME: NORMAL DOGS. 


days of cortisone treatment (3 to 5 mg per kg per day) 
or after 3 days of treatment with ACTH gel, 20 to 30 
units per day (HP ACTHAR Gel, Armour Labora- 
tories). 


RESULTS 


FFA and glucose responses to intravenous epi- 
nephrine. In Figure 1 are shown the FFA and 
glucose response curves of normal dogs after in- 
travenous aqueous epinephrine (20 to 25 yg per 
kg). During the first few minutes after injection 
the FFA levels showed a small but definite drop 
below the control level and only then the char- 
acteristic sharp rise to a peak at 5 to 10 minutes. 
This immediate transient drop in FFA level oc- 
curring after the injection of aqueous epinephrine 
has not been previously noted. It suggests that the 
rate of removal of plasma FFA is immediately in- 
creased by epinephrine and that it temporarily ex- 
ceeds the rate of delivery of FFA into the plasma. 
The increased rate of utilization of FFA implied 
by these short-term observations may be due to in- 
creased muscular activity, particularly the tachy- 
cardia that begins at once. Very quickly, how- 
ever, the rate of FFA delivery from adipose tis- 
sue rises and brings the plasma FFA concentration 
to a high level. As shown in Figure 1, FFA levels 
returned to control values by 20 minutes and over 
the next 40 minutes tended to drop very slightly 
below the zero time values. 


The response of the blood glucose level was more 
sluggish, peak values being reached between 20 
and 40 minutes after the injection. The time 
relation between the FFA curves and the glucose 
curves after short-acting epinephrine is similar to 
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Fic. 3. Time course oF FFA AND GLUCOSE RESPONSES 
TO INTRAVENOUS INJECTION OF AQUEOUS EPINEPHRINE 
(20 To 25 wG PER KG) GIVEN AT ZERO TIME. Lower frame: 
hypophysectomized dogs given no treatment. Upper 
frame: hypophysectomized dogs given cortisone or ACTH. 


the relationship observed after epinephrine in oil 
(3), that is, the FFA levels tend to return toward 
normal as the glucose levels rise toward their 
maximum. The probable cause and effect rela- 
tionship involved has been discussed previously 
(3). 

Adrenalectomized dogs receiving no supportive 
therapy other than DCA (5 to 12.5 mg per day) 
showed no FFA response to intravenous aqueous 
epinephrine (lower frame, Figure 2). When they 
were maintained on cortisone, on the other hand 
(upper frame, Figure 2), the FFA response to epi- 
nephrine in these same dogs was similar to that 
observed prior to adrenalectomy. The response 
obtained in Dog P before operation is included 
in the data of Figure 1. Thus it is clear that 
cortisone therapy fully restores the normal FFA 
response. The blood glucose response, which was 
virtually absent in the adrenalectomized animal 
(lower frame, Figure 2), was partially restored by 
cortisone therapy but was still smaller in magni- 
tude and more transient than the response of the 
intact animal. 

Hypophysectomy also abolished the normal FFA 
response to intravenous epinephrine (lower frame, 
Figure 3). The response obtained in Dog C be- 


fore hypophysectomy is included in the data of Fig- 
ure | and the contrast is evident. Treatment with 
cortisone restored the ability of the hypophysecto- 
mized animal to respond (curve C, upper frame, 
Figure 3). The peak FFA value reached was some- 
what less than that reached by the intact animal but 
the increment over the initial value was similar. 
After a period of three weeks without hormonal 
therapy, Dog C was given ACTH (2.5 units per 
kg) for three days and the epinephrine response 
was again determined (curve C’, Figure 3). Re- 
sponse was partially but not completely restored. 
Control studies both with cortisone with 
ACTH have shown that in the form and dosages 
used here these hormones do not of themselves 
have significant effects on plasma FFA levels over 
the time intervals studied, although under other 
conditions responses can be obtained (unpublished 
results). Supportive hormonal therapy also tended 
to restore the glucose response to epinephrine. 
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Fic. 4. Time course oF FFA AND GLUCOSE RESPONSES 
TO SUBCUTANEOUS INJECTION OF EPINEPHRINE IN OIL (0.6 
MG PER KG). Lower frame: normal dogs. Upper frame: 
normal dog given simultaneous injection of cortisone (5 
mg per kg). 
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Fic. 5. Time course oF FFA AND GLUCOSE RESPONSES 
TO SUBCUTANEOUS INJECTION OF EPINEPHRINE IN OIL (0.6 
MG PER KG). Lower frame: adrenalectomized dogs given 
DCA only. Upper frame: same adrenalectomized dogs 
given cortisone therapy in addition to DCA. 


FFA and glucose response to epinephrine in 
oil. The changes in plasma FFA and blood glu- 
cose levels in normal dogs over a 24 hour period 
following the injection of epinephrine in oil (0.6 
mg per kg) are shown in Figure 4 (lower frame). 
FFA levels rose to a peak at about 2 hours and 
then fell gradually again to reach normal values 
by about 6 hours. 

Adrenalectomy abolished or considerably re- 
duced the FFA response and also caused a flat- 
tening of the glucose curves (lower frame, Figure 
5). Treatment of these same animals with corti- 
sone (Dog P and Dog T) fully restored their 
ability to respond to epinephrine (upper frame, 
Figure 5). 

Hypophysectomy also abolished the FFA re- 
sponse to epinephrine and abolished the glucose 
response as well (lower frame, Figure 6). After 
treatment with cortisone the peak of the FFA 
response was comparable in magnitude to that 
seen in the unoperated animals, although some- 
what delayed, and the elevation persisted for a 
longer time. The glucose response to epinephrine 
was also restored by cortisone treatment but again 
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the peak response occurred somewhat later. 
Treatment with ACTH, on the other hand, al- 
though it did permit a partial FFA response, ap- 
peared to be less effective than cortisone. It 
should be noted that the hypophysectomized dogs 
had received no hormonal therapy for a month 
postoperatively and then received ACTH (30 
units per day) for only three days prior to these 
studies. To what extent adrenal function was re- 
stored by this therapy is not known. 

Cholesterol, phospholipid and triglyceride re- 
sponses to epinephrine. Daily injections of epi- 
nephrine in oil have been shown to lead to pro- 
gressive increases in serum levels of cholesterol 
and phospholipid (2, 3). In the present studies 
it was found that adrenalectomy or hypophysec- 
tomy reduced these lipid responses to a minimum 
or abolished them completely. The results are 
summarized in Tables I and II. The responses of 
individual dogs are shown before and after surgery 
and then on hormonal therapy. 
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TABLE I 


Effects of adrenalectomy on plasma lipid responses to epinephrine 








Days of 
epinephrine 
treatmentt 


Before operation 


rc PL 


0 

1 
Percentage change +31.5 
3 26 


Percentage change 


0 
1 


Percentage change 
3 
Percentage change 


0 
1 


Percentage change 


0 
1 


Percentage change 
3 


Percentage change 


Plasma lipid levels* (mg per 100 ml) 





After operation on DCA 
After operation on DCA only and cortisonet 


“TC FC PL TG TC FC 


PL 


93 32 63 
94 33 60 


1.1 +3.1 
100 33 
+7.5 +3.1 


105 3: 2 53 
115 37 7 41 


+9.5 
115 


+6.0 —44.6 


236 
—8.5 
248 


—3.9 


* TC = total cholesterol; FC = free cholesterol; PL = phospholipids; TG = triglycerides. 


+ Daily injections of epinephrine in oil (0.6 mg per kg). 


¢ Cortisone (3 to 5 mg per kg per day) given for 7 to 10 days prior to and during epinephrine study. 


In all cases the cholesterol and phospholipid re- 
sponses after adrenalectomy were sharply re- 
duced. Before operation the mean rise of total 
cholesterol in three dogs given a single injection 
of epinephrine was 17.7 per cent. After operation 
the mean rise was 6.2 per cent. When three daily 
doses of epinephrine wefe given the difference was 
more marked, the intact animals showing eleva- 
tions of 29.4 and 32.0 per cent, while the same 


animals after adrenalectomy showed elevations of 
only 7.5 and 9.5 per cent. The epinephrine-in- 
duced changes in free cholesterol and phospholipid 
levels were similarly suppressed by adrenalectomy. 

When adrenalectomized animals were main- 
tained on cortisone the cholesterol responses to 
epinephrine injection were similar to those ob- 
served prior to adrenalectomy (mean elevation 
18.1 per cent on cortisone compared with 17.7 


TABLE II 


Effects of hypophysectomy on plasma lipid responses to epinephrine 








Days of Before operation 
epinephrine 


treatmentt 


FC 
0 25 
1 33 
3 39 


Percentage change +53.0 +55.4 +10.5 
0 89 24 
1 112 33 


3 143 42 


205 73 
285 88 
270 80 


Percentage change +60.7 +75.0 +31.7 +9.6 


Plasma lipid levels* (mg per 100 ml) 


After operation; on ACTHY 





After operation; no therapy 
TC FC PL TG 
198 2 : 40 
220 66 57 
177 R 27 44 


TG 


102 31 
101 34 


—12.7 —-3.3 —10.6 
222 
253 
245 


115 34 
125 38 
138 41 


134 : 
161 49 


+15.3 +206 +10.4 +40.0 +32.5 





*TC = total cholesterol; FC = free cholesterol; PL = phospholipids; TG = triglycerides. 


+ Daily injection of epinephrine in oil (0.6 mg per kg). 


t ACTH gel intramuscularly for 3 days prior to and during epinephrine study. 


per day. 


Dog E received 20 units per day; Dog C received 30 units 
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TABLE III 








Plasma lipid levels* (mg per 100 ml) 


Epinephrine alone Epinephrine with cortisonet 


Days of 





epinephrine a ies ‘ ~-—— 
treatmentt TC FC PL TG 


274 62 
35 42 
334 68 


0 100 28 

1 117 40 

3 151 45 
Percentage change +51.0 +60.7 +21.9 +9.7 
251 48 
305 33 
350 53 


0 112 30 
1 127 36 
3 155 45 


Percentage change +38.5 +500 +403 +10.4 +81.4 +80.0 





* TC = total cholesterol; FC = free cholesterol; PL = phospholipids; TG = triglycerides. 
t Daily injections of epinephrine in oil (0.6 mg per kg). 


t Daily injections of epinephrine in oil (0.6 mg per kg) plus cortisone (5 mg per kg). 


per cent in the same three animals prior to sur- 
gery). The phospholipid responses were partially 
restored but appeared to be somewhat smaller than 
the responses of the intact animals. 

In order to determine to what extent cortisone 
itself might be contributing to the lipid responses 
induced by the combined epinephrine and cortisone 
treatment, four of the adrenalectomized dogs were 
given cortisone alone. The mean rise in total 
plasma cholesterol level occurring in 24 hours was 
2.7 per cent and the maximum rise 3.6 per cent. 
The mean rise in phospholipid level was 6.8 per 
cent and the maximum rise 14.4 per cent. Thus it 
is clear that although prolonged cortisone therapy 
can importantly influence plasma lipid levels, the 
acute changes occurring over the short intervals 
used in these studies are not to any extent due to a 
direct action of cortisone. It appears that the 
effect of cortisone is not simply additive but rather 
permissive. 

As shown in Table II, hypophysectomy also 
abolished or markedly reduced the cholesterol and 
phospholipid responses to epinphrine. Treatment 
with ACTH fully restored these responses to 
normal. The effects of ACTH itself were studied 
in Dogs E and C. Treatment for three days 
raised the plasma cholesterol levels only 4.6 and 
4.8 per cent, the phospholipid levels 13.1 and 18.0 
per cent. It can be concluded that in these stud- 
ies the action of ACTH, like that of cortisone, is 
not an additive effect but a permissive or syner- 
gistic effect. Its effectiveness may well be en- 


tirely or in part secondary to its stimulation of 
adrenal function. 

For a number of reasons it is difficult to evalu- 
ate properly the changes in triglyceride levels. As 
discussed in a previous paper (3), the triglyceride 
values in untreated, normal dogs can fluctuate 
very widely over a 24 hour period. Furthermore, 
the analytical method for this lipid component de- 
pends upon a difference calculation (7), and the 
results are probably not more accurate than + 10 
per cent. No statistical evaluation can be applied 
to the small number of data included in the pres- 
ent study but it is clear that the triglyceride re- 
sponses have been considerably more variable than 
the responses of the other lipids and lesser in mag- 
nitude. It is doubtful whether any significance 
can be attributed to the changes in triglyceride 
values. 

Finally, the effect of cortisone on the epineph- 
rine responses of normal dogs was studied. The 
potentiation of the FFA responses has already 
been described (Figure 4, top frame). The equally 
striking potentiation of the cholesterol and phos- 
pholipid responses is shown in Table III. In the 
case of Dog C the cholesterol level rose from 117 
mg per 100 ml to a level of 219 mg per 100 ml on 
three days of combined treatment; in Dog M the 
absolute levels were 140 mg per 100 ml before 
treatment and 254 mg per 100 ml after three days 
of treatment. As shown by Adlersberg, Drachman 
and Schaefer (9), and confirmed in this laboratory, 
three days’ treatment with cortisone alone does not 
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cause significant elevation of plasma lipid levels in 
normal dogs. The cortisone effect is thus not an 
additive one but rather permissive in nature. 


DISCUSSION 


It has been demonstrated previously in rats (2) 
and now in dogs that the lipid mobilization induced 
by epinephrine is dependent upon intact adrenal 
function. Both the FFA and the lipoprotein re- 
sponses to epinephrine were abolished in adrenal- 
ectomized dogs maintained on DCA alone. Both 
were restored when the adrenalectomized dogs 
were given supportive cortisone therapy. Since 
short-term treatment with cortisone alone in simi- 
lar dosages had little effect it appears that its role 
in the epinephrine response is permissive and not 
simply additive. Independent studies by Reshef 


and Shapiro on FFA release from mesenteric adi- 
pose tissue incubated in vitro have led to the same 
conclusion (10). 

Hypophysectomy, like adrenalectomy, abolished 
both the FFA and the lipoprotein responses to epi- 
nephrine. Since the time interval between surgery 
and the epinephrine studies (one week) was long 


enough to permit considerable involution of the 
adrenal gland, the failure to respond might be 
partly or entirely attributable to secondary adrenal 
insufficiency. The fact that treatment with corti- 
sone alone fully restored the FFA and lipoprotein 
responses is compatible with this possibility. On 
the other hand, treatment with ACTH, while it 
fully restored the lipoprotein response, only par- 
tially restored the FFA response. It is possible 
that hypophysectomy deprives the animal of other 
pituitary factors involved in lipid mobilization. 
While the present studies were in progress, Good- 
man and Knobil (11) reported that hypophysec- 
tomy in rhesus monkeys abolished the FFA re- 
sponse to epinephrine in oil. The response was 
partially restored by pretreatment with thyroid- 
stimulating hormone and fully restored by pre- 
treatment with L-triodothyronine. Pretreatment 
with cortisol acetate or ACTH, on the other hand, 
was ineffective, in apparent disagreement with the 
present results. The difference in results may re- 
flect the longer time interval (two months) be- 
tween hypophysectomy and the tests of responsive- 
ness in Goodman and Knobil’s experiments. This 
would allow for more complete loss of thyroid 
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function, which appears in their studies to play a 
role in FFA mobilization. Rudman and Seidman 
(12) and Seifter and Baeder (13) have described 
lipid mobilizing factors from the pituitary believed 
to be distinct from any of the known purified pitui- 
tary hormones. Whether or not the loss of pitui- 
tary factors such as these modified the ability of 
the hypophysectomized animals to respond to epi- 
nephrine cannot be decided at the present time. 

The fact that adrenalectomized animals have a 
low fasting plasma FFA level and that they re- 
spond poorly to stimuli which in the intact animal 
produce an outpouring of FFA from the fat depots 
may help to explain a number of earlier observa- 
tions on fat mobilization. The development of a 
fatty liver, often used as a measure of fat mobili- 
zation, has been repeatedly demonstrated to de- 
pend upon adrenal function. In 1936, Verzar and 
Laszt showed that phosphorus poisoning failed to 
produce fatty livers in adrenalectomized rats but 
that after treatment with adrenocortical extracts 
results were comparable to those seen in intact 
control animals (14). In similar fashion it has 
been shown that the fatty liver due to exposure to 
cold (15), prolonged fasting (15), treatment with 
ethionine (16), and treatment with epinephrine 
(17) can be produced only in the presence of the 
adrenal glands. Treatment of adrenalectomized 
animals with corticosteroids in each case restored 
the ability of the adrenalectomized animals to de- 
velop fatty liver in response to these stimuli. Of 
particular importance in this connection are the 
results of Wool, Goldstein, Ramey and Levine 
(18), demonstrating that the removal of the 
adrenal medulla or treatment with ergotamine also 
inhibits the development of fatty liver in animals 
fed ethionine. They concluded that adrenomedul- 
lary function as well as adrenocortical function was 
essential to the lipid mobilization induced by 
ethionine. It may be that some of the other forms 
of treatment used to induce fatty liver also depend 
on medullary as well as cortical function. On the 
basis of the present studies it seems reasonable to 
suggest that these and similar results can be at- 
tributed to the inability of the adrenalectomzied 
animal to mobilize fatty acids from adipose tissue 
at a rate sufficient to lead to accumulation of liver 
fat. 

Another well documented finding implicating 
the adrenal gland in fat metabolism is the observa- 
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tion that the ketonuria induced by injection of an- 
terior pituitary extracts is reduced or abolished 
by adrenalectomy and is restored by treatment 
with adrenocortical extracts (19). Evans found 
that adrenodemedullation considerably reduced 
the ketonuria observed after phloridzin treatment 
(20). While these results may be due in part 
to other effects on metabolic patterns it is also 
possible that the role of the adrenal glands is sim- 
ply to permit sufficiently rapid mobilization of 
substrate fatty acids from the depots. 

The loss of the hyperglycemic response to epi- 
nephrine in adrenalectomized and in hypophysec- 
tomized animals reported here confirms previous 
observations of a similar nature (21). Respon- 
siveness is partially or completely restored by 
administration of adrenocortical steroids (22) and 
this, too, is confirmed. These observations may be 
explained wholly or in part by the fact that the 
level of liver glycogen is lower in adrenalectomized 
animals, On the other hand the parallel loss of 
FFA response and glucose response suggests that 
adrenocortical steroids may play a similar permis- 
sive role in both the adipose tissue and the liver. 


In the present studies there is a striking paral- 
lelism between factors influencing the FFA re- 
sponse to epinephrine and the lipoprotein response 


to epinephrine. It is difficult to avoid the conclu- 
sion that the two responses stem from a common 
primary action of epinephrine or that the mobili- 
zation of FFA, the earliest effect, is itself the basis 
for the subsequent elevation of plasma lipoprotein 
levels. Specifically, it can be postulated that the 
increase in liver lipids due to transfer of fatty acids 
from the depots may constitute an adequate stim- 
ulus to the subsequent production and release of 
lipoproteins into the serum. The only observation 
incompatible with this hypothesis is the partial 
dissociation between the two lipid responses to epi- 
nephrine observed previously when large amounts 
of glucose were administered along with the epi- 
nephrine (3). Here, however, the dissociation 
was incomplete and the possible independent ef- 
fects of glucose administration were not examined. 
Studies of the fate of FFA reaching the liver in 
increased quantities may help to clarify the in- 
terrelationship of FFA mobilization and lipopro- 
tein mobilization. 

The remarkable potentiation by cortisone of the 
lipoprotein response of intact animals to epineph- 
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rine may have important implications with respect 
to the hypercholesterolemia observed under con- 
ditions of physical or emotional stress. Under 
stress the adrenal gland increases its output both 
of epinephrine from the medulla and steroids from 
the cortex (23). The combined action of these 
hormones, as shown above, is capable of almost 
doubling the serum cholesterol level of dogs over 
a period of three days. Friedman, Rosenman and 
Carroll (24), Thomas and Murphy (25) and 
Wertlake, Wilcox, Haley and Peterson (26) have 
recently reported on the elevation of serum cho- 
lesterol levels observed in patients subject to emo- 
tional stress. Cardon and Gordon (27) and Bog- 
donoff, Estes and Trout (28) have shown that 
patients subjected to the stress of a frightening 
situation exhibit a sharp rise in circulating FFA. 

It is suggested that, at least in part, the mecha- 
nism by which psychic factors in these and similar 
studies manifest themselves somatically in the 
form of elevated blood cholesterol levels is neuro- 
humoral in nature, i.e., autonomic stimulation of 
adrenomedullary function and hypothalamic-pitui- 
tary stimulation of adrenocortical function. The 
work of Havel and Goldfien (29) suggests that 
activity of the sympathetic nervous system is of 
importance in the control of FFA mobilization in 
the normal individual. It may also be important 
in controlling serum lipoprotein levels. 


SUMMARY 


1. In normal dogs intravenous injection of 
aqueous epinephrine (20 to 25 wg per kg) caused 
an elevation of plasma free fatty acids (FFA) 
maximal at 5 to 10 minutes and returning to nor- 
mal levels at about 20 minutes. An immediate 
(two minute) but very transient fall in FFA was 
interpreted as a reflection of an increased rate of 
utilization of FFA, temporarily exceeding the rate 
of FFA release from the depots. 

2. After adrenalectomy or after hypophysectomy 
the same dogs given the same doses of epinephrine 
failed to show any elevation of plasma FFA. 
Treatment with cortisone, however, completely re- 
stored the FFA responses to levels similar to those 
seen preoperatively. 

3. In normal dogs subcutaneous injection of epi- 
nephrine in oil (0.6 mg per kg) caused an eleva- 
tion of plasma FFA maximal at two to three hours 
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and returning to normal levels at about six hours. 
Twenty-four hours later plasma cholesterol and 
phospholipid levels were significantly elevated. 
After three daily injections of epinephrine in oil, 
cholesterol levels had risen 29 to 61 per cent and 
phospholipid levels 22 to 46 per cent over control 
levels. The changes in triglyceride levels were 
not consistent. 

4. After adrenalectomy or after hypophysectomy 
the FFA, cholesterol, and phospholipid responses 
to injection of epinephrine in oil were abolished 
completely or reduced to very low levels. Treat- 
ment of adrenalectomized dogs with cortisone re- 
stored the FFA, cholesterol, and phospholipid re- 
sponses to levels comparable with those seen pre- 
operatively. Treatment of hypophysectomized 
dogs with cortisone fully restored the FFA re- 
sponse to epinephrine; treatment with adreno- 
corticotropic hormone partially restored the FFA 
response and completely restored the cholesterol 
and phospholipid responses to epinephrine. 

5. Administration of cortisone to normal dogs 
considerably potentiated the plasma FFA response, 
elevated levels persisting for up to 24 hours. The 
elevations of cholesterol and phospholipid levels 
at 24 hours were also considerably greater than 
those resulting from injection of epinephrine alone. 

6. It was concluded that the mobilization of FFA 
and of lipoproteins by epinephrine is dependent 
upon intact adrenal function and in particular on 
the simultaneous availability of cortisone or cor- 
tisone-like steroids. Whether the effects of hy- 
pophysectomy are all secondary to subsequent in- 
volution of the adrenal gland could not be decided. 

7. It is suggested that the hypercholesterolemia 
of stress reported in man may in part be due to the 
accompanying overactivity of the adrenal medulla 
and adrenal cortex, simultaneously introducing epi- 
nephrine and corticosteroids into the system in 
analogy with the present studies in dogs. 
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Zondek (1) as early as 1934 demonstrated that 
enzymes of the liver destroyed the biological ac- 
tivity of the estrogens. Since then both in vivo 
and im vitro studies have provided much evidence 
to show that the liver is the organ primarily re- 
sponsible for the catabolism of the steroid hor- 
mones: estrogens, androgens, progesterone, and 
the corticosteroids (2). However, not until the 
development of improved methods for measure- 
ment of certain of the adrenocortical steroids and 
their metabolites, and the availability of labeled 
radioactive cortisol, corticosterone, and aldosterone 
has it been possible accurately to evaluate the in- 
fluence of liver disease on the rate of degradation 
and synthesis of the steroids in man. The studies 
here reported are based on the use of certain of 
these newer techniques. 

On incubation with rat liver tissue, cortisol and 
cortisone are rapidly metabolized, but only very 
slowly with other tissues (3-5). Perfusion stud- 
ies have demonstrated a very rapid metabolism of 
the steroids by the liver but not by other organs 
(6-8). Hechter, Frank, Caspi and Frank (9) 
found that the major portion of the cortisone and 
cortisol administered into the portal vein in dogs 
was not recovered as unaltered steroid from the 
hepatic venous blood. Bradlow, Dobriner and 
Gallagher (10) found that 70 per cent of a dose of 
tritium-labeled cortisone administered to mice 
was found in the liver within five minutes after 
intravenous administration. Administered cortisol 
also disappears rapidly from the circulation in rats 
(11), and this rapid metabolism can be prevented 
by hepatectomy but not by nephrectomy (12). 

The liver in man has a high capacity for metabo- 
lizing the circulating blood cortisol, as demon- 
strated by the fact that the level of 17-hydroxy- 
corticosteroids in the hepatic vein blood is lower 
than the level in the arterial blood (13, 14). 
Adrenocortical steroids administered intravenously 


~*Now at Cornell University Medical College, New 
York, N. Y. 


to man disappear rapidly from the blood (15, 16). 
Only minimal quantities are lost via the expired 
CO, (17) or the biliary or gastrointestinal tract 
(15, 16). Also, practically all of the administered 
steroid is metabolized prior to its excretion in the 
urine (15, 16), and thus it is apparent that urinary 
excretion plays a relatively minor part in elimi- 
nating the biologically active steroid. Thus, meta- 
bolic transformation by the liver must play the pre- 
dominant role in terminating the action of the 
steroids. 

Because of the major role of the liver in the 
catabolism of the corticosteroids, it might be ex- 
pected that this organ could indirectly influence 
the synthesis of corticosteroids by the adrenals. 
Many investigators have attempted to determine 
whether alterations in the functional capacity of the 
liver result in changes in adrenal cortical function. 
Until recently studies of adrenal cortical function 
in both acute and chronic liver disease were based 
on measurements of urinary steroids. There has 
been general agreement that the urinary 17-ke- 
tosteroids are low in various forms of liver disease 
—acute viral hepatitis (18-21), toxic hepatitis 
(20), portal cirrhosis (18-22), biliary cirrhosis 
(23, 24), and also in obstructive jaundice (18-21, 
25). Urinary androgen excretion, as measured by 
bioassay, has also been found to be low in cirrhosis 
of the liver (26, 27). However, since only a small 
fraction (5 to 10 per cent) of the cortisol is me- 
tabolized to 17-ketosteroids (28), the urinary 
level of this material does not represent an ade- 
quate index of the functional capacity of the 
adrenal cortex to secrete corticosteroids such as 
cortisol. Furthermore, the rate of adrenal cortical 
secretion of 17-ketosteroids may not always paral- 
lel the rate of secretion of adrenal corticosteroids. 

Although urine levels of “corticoids” have been 
reported to be normal or elevated in acute hepatitis 
(21) and cirrhosis (21, 23, 25, 29-31), the data 
in these studies are difficult to interpret because 


of the nonspecific methods of assay used. Brown, 
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Willardson, Samuels and Tyler (32), using a more 
reliable assay method, found the urinary corticoids 
to be low in cirrhosis. Plasma 17-hydroxycorti- 
costeroid levels have been reported to be normal 
in cirrhosis of the liver (33, 34). In other stud- 
ies of cortisol metabolism in liver disease, infused 
cortisol was reported to disappear from the plasma 
at a decreased rate in patients with hepatitis or 
cirrhosis of the liver (15, 32, 33). 

Studies of the adrenals in patients with cirrhosis 
of the liver coming to autopsy have demonstrated 
a decrease in lipoid material (35) and narrow and 
frequently nodular adrenal cortices (36). 


MATERIALS AND METHODS 


Fourteen patients with moderately severe cirrhosis of 
the liver, as judged by clinical signs and symptoms and 
liver function tests, and 3 patients with acute viral hepa- 
titis, served as the subjects of this study. Those with 
cirrhosis of the liver had the classical symptoms, signs, 
and laboratory findings, viz. prolonged sulfobromoph- 
thalein retention, reversed albumin/globulin ratio with 
low serum albumin, elevated serum bilirubin, and ab- 
normal thymol turbidity or cephalin flocculation tests. 
On clinical grounds, most of these patients were presumed 
to have alcoholic cirrhosis, and in the majority of the 
subjects the diagnosis of cirrhosis was confirmed by 
liver biopsy. One of the 3 patients with acute hepatitis 
had homologous serum (post-transfusion) hepatitis. 

Plasma cortisol and urinary corticosteroids were de- 
termined by the modified (37) procedure of Silber and 
Porter (38) using phenylhydrazine and sulfuric acid. 
Urinary 17-ketosteroids were determined by the Zimmer- 
mann procedure, modified from the Holtorff and Koch 
method (39). Plasma corticosterone was determined by 
an isotope dilution method (40). Aldosterone excretion 
in the urine was determined by the double isotope deriva- 
tive method (41, 42). 

The steroids (100 to 200 mg) for intravenous adminis- 
tration were dissolved in ethanol and diluted to 300 ml 
with 5 per cent dextrose in water to a final alcohol con- 
centration of approximately 5 per cent. Following 
rapid (10 to 15 minutes) infusion of the steroids between 
8 and 9 a.m., plasma samples were collected serially at 20 
to 30 minute intervals for 2 to 3 hours and assayed. 
Plasma steroid concentration was plotted semilogarithmi- 
cally against time, and the rate of disappearance of the 
steroids from the plasma expressed as a biologic half- 
time. The following plasma steroids were assayed by the 
phenylhydrazine method: cortisol, dihydrocortisone, di- 
hydrocortisol, tetrahydrocortisone, tetrahydrocortisol, 9a- 
fluorocortisol, A’ 9e-fluorocortisol, and A’-cortisol.1 The 


1In this paper the trivial names of the steroids have 
been used. Cortisol (118, 17a, 21-trihydroxy-4-pregnene- 
3, 20-dione). Cortisone (17a, 21-dihydroxy-4-pregnene-3, 
11, 20-trione). Corticosterone (118, 21-dihydroxy-4-preg- 
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specificity of this assay method for each steroid was eval- 
uated by isotope dilution (37).2 For each of these ster- 
oids, the isotope dilution assay indicated that at least 80 
per cent of the steroid as measured by the phenylhydra- 
zine assay represented the administered steroid. 

The rate of disappearance of cortisol-4-C“ from the 
plasma and its rate of appearance in the ascitic fluid 
was determined by the double labeling technique using 
cortisol-H’® (42). The rate of disappearance of aldoster- 
one from the plasma after infusion of aldosterone-H* was 
determined by the double labeling technique using al- 
dosterone and acetic-1-C“ anhydride (42). 

Cortisone and corticosterone were determined by the 
isotope dilution method, since the phenylhydrazine assay 
for cortisone (43) and, to a lesser extent, the fluoro- 
metric assay for corticosterone (40) were not found to 
be specific for the determination of these steroids in 
plasma following their intravenous injection. 

Urine cortisol concentration following the infusion of 
cortisol was determined by isotope dilution. Following 
the injection of cortisol-4-C“, the total radioactivity in 
the urine was determined by counting a small aliquot of 
the urine (0.1 to 0.5 ml) in an alcohol-toluene, DPO 
(diphenyloxyzol) and POPOP []1,4-bis-2-(5-phenyloxa- 
zolyl)-benzene] phosphor in the liquid scintillation spec- 
trometer. The fractions of radioactive metabolites ap- 
pearing as free and glucuronide conjugates were de- 
termined by previously described methods (15). The 
urine concentrations of tetrahydrocortisol following in- 


nene-3, 20-dione). Aldosterone (118, 21-dihydroxy-4- 


pregnene-3, 20-dione-18, al). Dihydrocortisone (17a, 21- 
dihydroxy-pregnane-3, 11, 20-trione). Dihydrocortisol 
(118, 17a, 21-trihydroxy-pregnane-3, 20-dione). Tetra- 
hydrocortisone (3a, 17a, 21-trihydroxy-pregnane-11, 20- 
dione). Tetrahydrocortisol (3a, 118, 17a, 21-tetrahy- 
droxy-pregnane-20-one). Tetrahydrocorticosterone (3a, 
118, 21-trihydroxy-pregnane-20-one). 9%a-Fluorocortisol 
(9a-fluoro-118,-17a, 21-trihydroxy-4-pregnene-3, 20-di- 
one). <A’ 9a-Fluorocortisol (9a-fluoro-118, 17a, 21-tri- 
hydroxy-1,4-pregnene-3, 20-dione). 

2 Cortisone-4-C* (0.49 mc per mmole), cortisol-4-C™ 
(1.47 mec per mmole), corticosterone-4-C™* (1.47 mc per 
mmole), tetrahydrocortisone-4-C“ monoacetate (0.4 mc 
per mmole), and dihydrocortisone-4-C™ acetate (0.4 mc 
per mmole) were obtained from the Endocrine Study 
Section of the National Institutes of Health. The acetates 
were converted to the free steroids by hydrolysis with 
acetyl cholinesterase as described previously (43). C*- 
labeled tetrahydrocortisol and dihydrocortisol were pre- 
pared enzymatically (44) from cortisol-4-C™ (1.47 mc per 
mmole). Cortisol (0.11 ue per wg), 9a-fluorocortisol 
(0.20 wc per ug), A* 9a-fluorocortisol (0.05 uc per ug), 
A’ cortisol (0.70 uc per ug), corticosterone (1.5 ue per ug), 
and aldosterone (1.5 wc per ug), were labeled with tritium 
by the Wilzbach (45) technique by a method previously 
described (42). All of the labeled steroids were purified 
by paper chromatography to a constant specific activity. 
All of the radioactivity measurements were made with 
the Packard liquid scintillation spectrometer. 
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TABLE I 


Plasma and urine steroid levels 


Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Hepatitis 
Control* 
Hepatitis 
Control* 
fey Hepatitis 


Teraly 


Sa = 
A, 10 A 10 A 10 AAA 10 AA,Q, 


0 


Normals 
Range 


Mean, SD 


* Four to six months following recovery. 
+ Number of subjects ( ). 


fusion of 200 mg cortisol were determined by isotope 
dilution. Glucuronidase hydrolysis of the urine (15) 
was used in measuring the urine concentrations of radio- 
active steroid metabolites conjugated with glucuronic 
acid after the infusion of tetrahydrocortisone-4-C™. 

The size of the rapidly exchangeable miscible pool of 
cortisol and the rate of turnover of the pool were deter- 
mined by the previously described method (46) using 
0.2 to 0.3 mg cortisol-4-C“* for intravenous injection. 
The pool size and rate of turnover of corticosterone 
were determined by the procedure used for cortisol, ex- 
cept that tritium-labeled corticosterone (7 to 30 ug) was 
In a few subjects the rates of turnover of corti- 
sol, corticosterone, and aldosterone were measured by 
determining the dilution of injected labeled steroid by 
one or more of its urinary metabolites (47-49). 


used. 


RESULTS 


Table I lists the plasma cortisol and corticoster- 
one levels, and the urine corticosteroid and 17- 
ketosteroid levels in the patients with liver disease. 
Plasma cortisol was normal in all the subjects; 
however, plasma corticosterone levels were some- 


Cortisol 


Plasma steroids Urine steroids 


17-Keto- 
steroids 


Cortico- 


sterone Corticoids 


ue/100 mi mg/day 
17 
11 
13 
12 
16 
15 
14 
21 
16 


om Go oe Go ee tn Go I © 
SPUMNOANSOUUSDS OOO 


SS SS ANS 0 GO. Ot BS WO 
SUMOMDBenDmDOonuCcoodue 


— te 


9 4-10(20) 9? 6-15(18) 


6+ 1.2 10 + 1.0 


oc 4-14 (36) 
7+1.5 


times found to be low or in the low normal range.* 
The urinary corticosteroid and 17-ketosteroid 
concentrations were below normal in the great 
majority of the patients. 

Cortisol (100 to 200 mg) was infused into eight 
patients with cirrhosis of the liver and into one 
patient with hepatitis, and in each subject the in- 
fused steroid disappeared from the plasma at a 
rate slower than normal (Table Il). These find- 
ings agree with the results of a similar study of 12 
patients with cirrhosis reported previously (15). 
In both cirrhotic and normal subjects, cortisol 
disappeared from the circulation more rapidly 
when infused in trace quantities than in pharmaco- 
logic (100 to 200 mg) quantities (49, 50). Fig- 
ure 1 shows the results of studies carried out in a 
patient with cirrhosis and massive ascites (J.C.) 
given both a trace and a pharmacologic dose of 


3In three patients with cirrhosis of the liver and as- 
cites, maintained on a low salt diet, the plasma aldosterone 
level ranged from 0.08 to 0.15 ug per cent (normal 0.03 
to 0.08 wg per cent). 
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TABLE II 


Biologic half-times of infused steroids (hours) 


al | 
ae 


B 


2% 
D. R. 
j.c. 

M. B. 
J.M. 
RN. 
J.H. 

E.. 
C.D. 


Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Hepatitis 
Controlt 


-—Oon 
MaR2SaRS 


RWWwWOK’MWWwUrwuw 


AAA™AwAwAwQ 
OS we 
~Is! 


Nm 
— 
+ 


Normals (10) 


Range .50-2.00 1.16-1.50 


Mean, SD 1.83+0.10 1.33+0.05 


F 
B 
E 
DHE 
DHF 
THE 
THF 


cortisol; 200 mg infused. 
corticosterone; 100 mg infused. 
cortisone; 200 mg infused. 
dihydrocortisone ; 100 mg infused. 
dihydrocortisol; 100 mg infused. 
tetrahydrocortisone; 100 mg infused. 
tetrahydrocortisol ; 100 mg infused. 


| 


cortisol-4-C*. It is apparent that even though 
the pharmacologic dose of cortisol-4-C' disap- 
peared from the plasma at a slower rate, there was 
a more rapid accumulation of a larger quantity of 
the labeled cortisol in the extravascular fluid (as- 
citic fluid). With a similar study in Patient T.T. 
with minimal ascites, infusion of a trace quantity 
(0.2 mg) of labeled cortisol gave a biologic half- 
time of 3.0 hours whereas infusion of 200 mg of 
labeled steroid gave a half-time of 5.5 hours. 

Infused cortisone and corticosterone were me- 
tabolized at a rate only slightly slower than normal 
(Table II). The highly potent synthetic steroids, 
and A' 9a-fluorocortisol, were 
metabolized at a normal rate (t;j2= 1.3 to 18 
hours) in two patients (T.T. and C.C.) with cir- 
rhosis, whereas A'-cortisol was metabolized at a 
rate slower (t;/2 = 5.8 hours, T.T.) than normal 
(ti/2 = 3.0 to 4.0 hours). 

Four of the major metabolites of cortisol (the di- 


9a-fluorocortisol 


hydro and tetrahydro reduction products of cor- 
tisol and cortisone) were infused in doses of 100 
mg. During the period of the study, endogenous 
plasma cortisol was reduced to zero by the prior 
administration of 2.5 mg of A? 9a-fluorocortisol 
orally eight hours before the infusion of the ster- 
oids. All of these steroids were metabolized rap- 
idly, and both the patients with cirrhosis and the 


E 


(12) (4) (4) 


0.4-0.6 0.5-0.8 0.5-0.9 


0.45 + 0.03 
t Six months following recovery. 
t Number of subjects ( ). 


normal subjects metabolized these four compounds 
at much the same rate (Table II). 
In one patient with cirrhosis of the liver (T.T.), 


given tritium-labeled aldosterone, the labeled ster- 
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Fic. 1. PLASMA AND ASCITIC FLUID LEVELS OF CORTISOL 
AFTER INTRAVENOUS ADMINISTRATION OF CORTISOL-4-C"%, 
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oid disappeared from the plasma at a rate only 
slightly slower (t;j2=70 minutes) than normal 
(t;/2 = 30 to 60 minutes) whereas in another pa- 
tient with severe cirrhosis a half-time of 40 minutes 
was observed. 

Table III lists the concentrations of cortisol in 
the urine following the infusion of 200 mg corti- 
sol to normal subjects and to patients with cir- 
rhosis. A larger fraction of the infused cortisol 
appeared in the 24 hour urine in the cirrhotic. 
However, both the normal and the cirrhotic groups 
excreted the same fraction of the infused steroid 
as cortisol metabolites conjugated as glucuronides 
and giving the reaction with phenylhydrazine. 
Following the injection of tracer doses of cortisol- 
4-C**, the normal subjects and the patients with 
cirrhosis excreted essentially the same fraction of 
the injected steroid as free and as glucuronide- 
conjugated metabolites. There was also no im- 


10 
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I'ic. 2, URINARY EXCRETION OF TETRAHYDROCORTISOL 
FOLLOWING INFUSION OF 200 MG coRTISOL. The tetrahy- 
drocortisol measurements represent the tetrahydrocorti- 
sol present in the urine as a glucuronide conjugate. The 
assays were performed on urine fractions that had been 
previously extracted with dichloromethane to remove the 
unconjugated tetrahydrocortisol. 
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portant difference in the fraction of the injected 
steroid radiometabolites excreted in the urine. A 
kinetic study of the appearance of a major glu- 
curonide-conjugated metabolite of infused cortisol, 
tetrahydrocortisol, however, revealed that the me- 
tabolite appeared in the urine at a slower rate in 
the cirrhotic subject (Figure 2), although infused 
labeled tetrahydrocortisone appeared in the urine 
as glucuronide conjugates at a similar rate in the 
normal and in the cirrhotic (Figure 3). In Sub- 
ject J.D., with familial nonhemolytic icterus, a 
condition known to be associated with a defect in 
the liver enzyme system necessary for the con- 
jugation of many substances with glucuronic acid 
(51), the rate of appearance of the tetrahydrocorti- 
sone glucuronide was delayed (52). 

Table IV gives the data on the miscible pool 
size and the rate of turnover of cortisol in six pa- 
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Fic. 3. URINARY EXCRETION OF RADIOACTIVE METABO- 
LITES FOLLOWING INJECTION OF TETRAHYDROCORTISONE- 
4-C“, The radioactive metabolites represent the labeled 
metabolites of tetrahydrocortisone present in the urine as 
glucuronide conjugates. The assays were performed on 
urine fractions that had been previously extracted with di- 
chloromethane to remove the unconjugated steroids. In 
all three subjects the labeled free steroids represented 
less than 3.5 per cent of the administered tetrahydro- 
cortisone-4-C™. 
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tients with cirrhosis and in one patient with acute 
In the patient with acute hepatitis the 
studies were performed during the acute stage of 
the disease and again six months following re- 
covery, and at a time when all of the liver function 
tests had returned to normal, although some 
hepatomegaly persisted. Patients J.M., M.B., and 
G.D. did not have ascites and Patients D.R., C.C., 
and T.T. had a moderate ascites. Patient J.C. was 
first studied at a time when he had marked ascites 
(20 to 30 L) and one week after removal of 
8.5 L of ascitic fluid. The removal of this vol- 
ume of ascitic fluid did not alter the rate of turn- 
over of cortisol. 


hepatitis. 


It may be noted that the fraction of the pool re- 
placed per hour was much decreased in the cir- 
rhotics although the size of the miscible pool of 
cortisol was usually found to be slightly increased. 
When the turnover rate was calculated on the basis 
of the dilution of one of the major metabolites of 
the injected cortisol-4-C**, it was also shown that 
the rate of secretion of cortisol was markedly sup- 
When expressed as the rate 
of secretion of cortisol per day (calculated as the 
product of the rate of turnover per hour X 24 
hours) these two methods of assay were not in 
agreement. This difference probably results from 
the fact that the rate studies cover only a three 
hour period of the day (9 a.m. to noon), when the 


pressed in cirrhosis. 


IN LIVER DISEASE 


TABLE III 


Urinary cortisol and metabolites of cortisol* 





0.2-0.5 mg C™ cortisol (F) iv 200 mg F iv 





Y Total excreted 
G, ets: ro aa 
. /0 
Excreted 
total 


PNHt 
glucu- 
ronides 


Glucu- 
ronide 





Normals (8) Normals (5) 


74-85 3.8-5.5 50-64 2.5-3.8 40-64 


* These percentages represent the excretion of steroids 
during the 24 hour period following their administration. 
7 PNH = phenylhydrazine-reacting steroids. 


rate of secretion of cortisoi is known to be near 
maximal and probably greater in magnitude than 
the average secretion rate (46, 49). 

A repeat turnover rate study was carried out in 
one patient (T.T.) during the 10 to 14 hour pe- 
riod following the continuous intravenous infusion 
of 4 units of corticotropin per hour. The plasma 
cortisol level in this patient rose rapidly to a level 
of 48 pg per cent six hours following the start of 
the infusion and remairied at this level during the 
subsequent 18 hours. The pool of cortisol was 
elevated, but the rate of synthesis of cortisol was 


TABLE IV 


Miscible pool and rate of turnover of cortisol in liver disease 


Pool 
j pee Cirrhosis 
Cirrhosis, ACTH 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis 
Cirrhosis, ascites 
Cirrhosis, post-ascites 
Hepatitis 
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M. B. 
R.N. 
J.M. 
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t Calculated from the kinetic method of assay of change in specific activity of plasma cortisol after injection of 


200 to 300 ug of cortisol-4-C™. 


§ Calculated from specific activity of tetrahydrocortisone in 24 hour urine collected after 200 to 300 ug of cortisol- 


4-C™, 
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TABLE V 


Miscible pool and rate of turnover of corticosterone in liver disease 








Pool 
poem oy basal 
0.18 
0.30 
0.11 


Cirrhosis 
Cirrhosis 
Cirrhosis 


: Ay 
D.R. 
M. B. 
Normals (//) 

Range 0.2-0.4 


Mean, SD 0.3 + 0.04 


0.8-1.5 


1.1+0.1 


k Turnover rate 


meg/hr* mg/dayt 
9.08 0.6 
0.10 1.0 
0.07 0.3 


pools/hr 
0.45 
0.33 
0.63 


0.4-0.9 0.12-0.22 1.5-4.0 


0.6 + 0.1 0.15 +0.02 2.1+40.2 


* Calculated from the kinetic method of assay of change in specific activity of plasma corticosterone after injection 


of 7 to 30 wg of corticosterone-H*. 


+ Calculated from specific activity of tetrahydrocorticosterone in 24 hour urine collected after 7 to 30 ug of cor- 


ticosterone-H®, 


less than that observed in normal subjects after 
the continuous corticotropin infusion (46, 49). 

Table V shows the data on the miscible pool size 
and turnover rate cf corticosterone in three pa- 
tients with cirrhosis. 


DISCUSSION 
The importance of the liver in the regulation and 
control of the level of circulating steroid becomes 


apparent when it is realized that the intensity of 
action of the hormone must be under continuous 


dynamic control. This rapid control is possible 
because of mechanisms within the liver that act 
to interrupt, by chemical attack, the biologic action 
of the hormone. Such enzymatic processes, that 
serve to terminate or to diminish the action of the 
steroid through conversion to inactive products, 
may be subject to alteration by diseases, especially 
those affecting the liver. 

Previously, many of the conclusions regarding 
adrenal function in liver disease were drawn from 
studies of the urinary 17-ketosteroids which were 
usually found to be low. The patients in the pres- 
ent series were also found to have low urinary 
17-ketosteroids. Adrenal function has also been 
evaluated on the basis of studies of urinary corti- 
costeroids ; however, in many instances rather non- 
specific assay methods were used. Frequently the 
assay procedures did not utilize a hydrolytic pro- 
cedure. Acidification of the urine to pH 1 (53) 
does not hydrolyze the metabolites of cortisol (15). 
Since less than one per cent of the total quantity 
of cortisol or corticosterone synthesized per day 
is excreted in the urine (15, 54), it is not possible 


to measure adrenal cortical function by measuring 
the urinary cortisol or corticosterone concentration. 
Furthermore, the urine cortisol and corticosterone 
levels are essentially a reflection of the plasma 
level and may not be a good index of the rate of 
secretion of these steroids. 

A urine steroid assay procedure capable of meas- 
uring all of the metabolites of cortisol would, of 
course, serve as a good quantitative assay of 
adrenal cortical function; however, since the uri- 
nary metabolites of the steroids are so numerous, 
any measurement of a single metabolite or group 
of metabolites may not represent a reliable index 
of adrenal secretion rate. A slight change in the 
pattern of the steroid metabolites may alter any 
interpretations of secretion rates. The phenyl- 
hydrazine colorimetric assay procedures after glu- 
curonidase hydrolysis measure only 20 to 30 per 
cent of the total metabolites of cortisol, approxi- 
mately one-half of the steroid metabolites that are 
conjugated with glucuronic acid (15, 55). Such 
an assay, however, may serve as an index of the 
relative state of activity of the adrenal cortex. 

The results obtained in this study and the stud- 
ies of Brown and associates (32), who used simi- 
lar methods for assay of urinary corticosteroids, 
demonstrated that the urinary metabolites of corti- 
sol were below normal. These investigators (32) 
also found that patients with liver disease and 
normal subjects excreted the same quantity of an 
infused dose of cortisol as phenylhydrazine-react- 
ing steroid metabolites conjugated with glucuronic 
acid (Table III). If patients with liver disease 
and normal subjects excreted a comparable frac- 
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tion of endogenously synthesized cortisol as phenyl- 
hydrazine-reacting metabolites, then a low urine 
corticosteroid level in patients with cirrhosis might 
suggest that adrenal cortisol secretion would be de- 
creased. The data on urine corticoid concentration 
(Table I) and rate of synthesis of endogenous cor- 
tisol (milligrams per day, Table IV) might appear 
to be inconsistent with the data presented in Table 
III (e.g., in Patient T.T., both the urine corticoid 
level and cortisol turnover were 1.9 mg per day). 
The poor specificity of the urine corticoid assay 
in this patient probably accounts for the fact that 
these two figures are identical (see also Patients 
D.R. and M.B.). In normal subjects with normal 
urine corticoid levels the urine corticoids usually 
account for 30 to 50 per cent of the total daily 
corticoid production (49). 

In all of the subjects with liver disease, the 
plasma cortisol level was within the normal (8 :00 
a.m. range). The specificity of this determination 
was evaluated both in patients with hepatitis and 
with cirrhosis by the previously described isotope 
dilution method. This evaluation indicated that 
80 to 95 per cent of the material measured with 
the phenylhydrazine steroid assay method was 
cortisol. Plasma corticosterone levels were slightly 
lower than normal, or at the lower limit of normal. 
The presence of a normal concentration of cortisol 
in the plasma indicates that the patients with liver 
disease had no deficiency of circulating cortisol. 
A normal level of cortisol can, however, be main- 
tained in the plasma by either a decreased rate of 
catabolism of cortisol and an associated decreased 
rate of synthesis, or by an increased synthesis and 
an increased metabolism of the steroid. Thus, a 
normal plasma steroid level establishes that corti- 
sol is being synthesized, but fails to indicate its rate 
of synthesis. 

Differences in fraction of bound and unbound 
cortisol (56-59) may occur in liver disease. Re- 
cently it has been reported that some patients with 
liver disease may have an increased fraction of un- 
bound cortisol, yet the total concentration of 
plasma cortisol (bound plus unbound) may be 
normal (60). Sandberg and Slaunwhite (61) 
however, recently reported that the transcortin 
binding of cortisol was normal in 16 patients with 
cirrhosis. 

All of the patients with liver disease showed a 
decreased rate of clearance (metabolism) of in- 
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fused cortisol from the plasma. This defect in the 
capacity of the liver to metabolize cortisol was 
quite specific since other naturally occurring ster- 
oids were metabolized at a rate close to normal. 
This was true for the biologically active corticoster- 
one and cortisone, the biologically active synthetic 
Ya-fluorocortisol and A’ 9a-fluorocortisol, and the 
biologically inactive steroids 20a- and 206-cortisol 
(15), dihydrocortisone, dihydrocortisol, tetrahy- 


drocortisone, and tetrahydrocortisol. The rate of 


metabolism of aldosterone also did not appear to 
be markedly impaired. 

When infused rapidly in quantities in the range 
of 100 mg, most steroids disappeared at rates ap- 
proximately proportional to their concentration in 


peripheral blood plasma. If the steroid is dis- 
tributed within the plasma and body tissues and if 
there is a state approximating equilibrium between 
plasma and the body tissues, the plasma concen- 
tration may be expressed as a simple exponential 
function of time. For comparisons of steroids 
with respect to their rate of metabolism or for 
purposes of comparing the rates of metabolism of 
steroids in different diseases, it is convenient to 
apply the term “biologic half-life” to this expo- 
nential process; i.e., the time at which half of any 
given quantity remains in the plasma. After the 
rapid infusion of a trace (microgram) quantity 
of the steroids cortisol or corticosterone, the bio- 
logic half-life was shorter despite the fact that, with 
both the microgram and milligram doses, the de- 
cline in plasma concentration represented a first 
order process. These differences in rate of disap- 
pearance of steroid from the Ma may result 
from the fact that equilibrat’ ii vetween plasma 
and tissues is not approximated, and the plasma 
concentration may be expressed not as a single 
exponential but rather as a series of exponential 
terms in which the exponents are functions of the 
rate constants for chemical transformation within 
the liver, diffusion of the steroid from the plasma 
into the tissues, and re-entry of the steroid from 
the tissues into the plasma. A larger fraction of 
nonprotein-bound steroid available for diffusion 
into the tissues and re-entry into the plasma fol- 
lowing the infusion of pharmacologic doses of ster- 
oid might be expected to alter the relative contribu- 
tions of these various first order processes. That 
this may be so is suggested from the fact that with 
the larger doses of cortisol and corticosterone, a 
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three- to fivefold larger volume of distribution was 
obtained (15, 16, 46, 50). The more rapid entry 
of labeled steroid into the ascitic fluid in the cir- 
rhotic demonstrated that the body tissues and the 
extravascular fluid take up a larger fraction of the 
infused steroid when it is given in therapeutic 
The data from the studies of the 
plasma protein binding of these two steroids also 
lend support to this concept. With the trace dose, 
close to 100 per cent is protein-bound, whereas 


quantities. 


with larger doses only 70 to 80 per cent is pro- 
tein-bound (56-59). 

The great difference in the rate of metabolism 
of cortisol in the normal subject and the cirrhotic, 
as contrasted to the rather unimportant differences 
in the metabolism of other infused steroids, implies 
that the slower rate of metabolism of cortisol was 
not the result of impaired circulation through the 
liver, as has been suggested for the mechanism of 
the delayed removal of sulfobromophthalein (32). 
Because of the selective nature of the defect in cor- 
tisol metabolism it would seem unlikely that a defi- 
ciency of a cofactor such as reduced TPN could be 
involved, since TPNH is required for the metabo- 
lism of most of the steroids. It seems more reason- 
able to propose a defect in the enzyme system (44) 
for transforming cortisol to dihydrocortisol (5a- or 
58-dihydrocortisol dehydrogenase). This repre- 
sents one of the predominant initial steps in the 
chemical inactivation of cortisol and would ap- 
pear to be the enzyme system most likely involved. 
Dihydrocortisol was metabolized to tetrahydro- 
cortisol at a normal rate. This presumes that the 
transformation of cortisol to dihydrocortisol is a 
major pathway for the metabolism of cortisol. It 
is not known if the enzymatic defect involves the 
soluble 58 or the particulate 5a dehydrogenase ; 
however, there is evidence that both of these en- 
zymes have a high degree of substrate specificity 
(62). 

More than one-half of the metabolites of cortisol 
have the reduced A ring; however, only about 
one-half of these are present as C-20-keto and ap- 
proximately one-half appear in the urine as the 
C-20 reduced compounds (55). Thus, it is pos- 
sible that there may also be a defect in the C-20 
reductase enzyme system. 

The normal rate of disappearance of infused 
tetrahydrocortisol from the plasma demonstrated 
that in cirrhosis of the liver there is no markedly 
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impaired capacity of the liver to conjugate the ster- 
oid metabolites. Also, Patient T.T. with cirrhosis, 
excreted phenylhydrazine-reacting steroid glucu- 
ronide metabolites (Figure 3) at the same rate and 
in the same quantity as the normal subjects. The 
patient with congenital nonhemolytic jaundice, 
with the defective hepatic enzyme system for the 
conversion of bilirubin to its glucuronide conju- 
gate, showed no defect in his capacity to metabolize 
infused cortisol (52) ; however, the rate of steroid 


glucuronide formation was reduced after adminis- 
tration of a loading dose of one of the tetrahydro 
metabolites of cortisol. 

The slower rate of metabolism of cortisol in the 
subjects with cirrhosis undoubtedly accounted for 
a larger quantity of the infused cortisol in the urine 
because the plasma concentration was maintained 


at elevated levels for a longer time. 

The results of the turnover rate studies utilizing 
cortisol-4-C™ are consistent with the plasma and 
urine steroid assay data and the studies of the rate 
of metabolism of infused steroids. The miscible 
pools of cortisol and corticosterone were normal 
or only slightly increased. The figures for the 
miscible pool size, however, probably represent 
only the rapidly turned over and rapidly exchange- 
able miscible pool. In the patients with ascites, 
the infused cortisol-4-C'™ did not mix rapidly with 
the cortisol in the ascitic fluid. 

The patients with liver disease synthesized cor- 
tisol and corticosterone at a decreased rate, and 
excreted a smaller quantity of metabolites of en- 
dogenous These patients thus had 
adrenal cortical insufficiency in terms of quantity 
of cortisol synthesized; however, they were es- 
sentially “eucorticoid” in terms of a plasma cortisol 
level maintained in the normal range by virtue of 
a defect in the capacity of the liver to metabolize 
the circulating cortisol at the normal rate. 

The primary defect in cirrhosis may be a de- 
creased rate of hepatic enzymatic transformation of 
the circulating cortisol (cortisol — dihydrocortisol ) 
with the consequent alterations in plasma cortisol 
resulting from this disturbance. On the basis of 
the mechanism of the negative feedback control of 
adrenocortical secretion, changes in the plasma cor- 
tisol produce opposite changes in the rate of secre- 
tion of the adrenocorticosteroids (63). Thus, if 
the rate of inactivation of cortisol is diminished, the 
increment in plasma cortisol will inhibit cortico- 


cortisol. 
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tropin secretion, and the resultant depression of 
adrenal cortisol synthesis will serve to maintain a 
normal concentration of plasma cortisol. Urqu- 
hart, Yates and Herbst (64) have shown a pri- 
mary diminution of hepatic capacity for adreno- 
cortical steroid inactivation in the rat after surgical 
removal of more than one-half of the liver. Fol- 
lowing partial hepatectomy secondary adrenal 
atrophy occurred. The liver has also been pre- 
sumed to play an important role in the regulation 
of adrenal cortical activity in thyroid disease (65). 

If the urinary 17-ketosteroid content is a reas- 
onably reliable index of the production of 17- 
ketosteroids by the adrenal cortex, then the data 
from this and other studies would seem to indicate 
that adrenal 17-ketosteroid production as well as 
cortisol and corticosterone secretion are depressed. 
The low urine 17-ketosteroid levels are probably 
not the result of a decreased conversion of corti- 
costeroid to 17-ketosteroids since normally the 
17-ketosteroid metabolites of cortisol make up less 
than 10 per cent of the cortisol metabolites, and 
thus only a small fraction of the total urine 17- 
ketosteroids (28, 66). 

Whereas adrenal glucocorticoid (cortisol and 
corticosterone) and adrenal androgen (17-keto- 
steroids) secretion are frequently suppressed in 
liver disease, mineralocorticoid (aldosterone) 
production appears not to be decreased. Urine 
aldosterc* levels are known to be either normal 
or increased in hepatic cirrhosis (67-69). In pa- 
tients with ascites, the urine aldosterone levels are 
usually markedly elevated; however, in patients 
without ascites, normal levels are usually found. 
The urine aldosterone concentration, like the urine 
corticoid level, may not always adequately reflect 
the secretory activity of the adrenal cortices, since 
the usual assay procedure for urinary aldosterone 
measures less than 5 per cent of the secreted steroid 
(41). Turnover rate studies on six patients with 
cirrhosis maintained on 200 to 500 mg sodium 
diets yielded markedly elevated rates of secretion 
of aldosterone—500 to 3,000 wg per day (41).* In 
all subjects urine aldosterone levels were also ele- 
vated; however, the increase in aldosterone se- 


cretion was usually proportionally greater than the 


4 In six normal ambulatory subjects on an ad lib. so- 
dium intake aldosterone secretion rates ranged from 150 to 
400 wg per day. 
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increase in the urinary aldosterone level. Ina re- 
cent report of a case of cirrhosis, the aldosterone 
secretion rate was found to be 1,500 to 2,000 pg 
per day and did not appear to be influenced by 
changes in sodium intake (70). Also, unlike 
cortisol metabolism, these changes in aldosterone 
metabolism were not associated with a striking 
change in its rate of metabolism. 


SUMMARY 


Plasma cortisol and corticosterone levels were 
normal in patients with liver disease; however, 
urine corticoids and 17-ketosteroids were usually 
below the normal level. Cortisol was metabolized 
at a diminished rate in the cirrhotics; however, 
most other infused steroids were metabolized at a 
normal rate. This defect in the metabolism of cor- 
tisol was discussed in terms of a low hepatic ac- 
tivity of the specific TPNH-dependent enzyme 
catalyzing the reduction of the 4,5 double bond. 
No impaired conjugation of the tetrahydrosteroid 
metabolites of cortisol was demonstrated. The 
rate of synthesis of cortisol and corticosterone was 
markedly reduced in the patients with cirrhosis. 
The rate of synthesis of aldosterone was increased 
in patients with cirrhosis maintained on a low so- 
dium intake. Patients with cirrhosis have a rela- 
tive adrenal insufficiency in the secretion of corti- 
sol and corticosterone although under basal con- 
ditions they maintain a normal plasma cortisol 
level because they metabolize cortisol at a slower 
rate. These data suggest that there is a homeo- 
static mechanism mediated through the _liver- 
pituitary-adrenals which results in a decreased 
synthesis of cortisol and corticosterone in patients 
with liver disease in whom the rate of removal of 
cortisol by the liver is impaired. 
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The development of refined methods for deter- 
mination of blood ammonia in the past 50 years 
has resulted in a gradual lowering of the reported 
concentrations in the peripheral venous blood of 
normal man (1). After extensive work with a 
microdiffusion technique, Conway and Cooke con- 
cluded that the normal im vivo peripheral venous 
level of the blood ammonia nitrogen in man was 
operationally zero, but that rapid liberation of am- 
monia from certain precursors occurred after shed- 
ding to produce in vitro values of about 35 «moles 
ammonia-nitrogen (NH,-N) per L blood (2). 
Identical conclusions were reached by Koprowski 
and Uninski in their work on dog blood (3), using 
Conway's method. The results of more recent 
investigations using different techniques (4-7) 
have indicated that peripheral venous blood does 
contain significant amounts of ammonia in vivo. 
This conflict has not been resolved despite fre- 
quent use of the Conway method in many investi- 
gations of human ammonia metabolism in the past 
decade. 

The present experiments were stimulated by the 
observation that dogs receiving intravenous in- 
fusions of ammonium salts excreted measurable 
amounts of NH, gas in expired air (8). This am- 
monia was presumably derived from the dis- 
solved NH, gas which must exist in equilibrium 

* This investigation was supported in part by a research 
grant (H-2243) from the National Heart Institute, 
Bethesda, Md., and in part by a grant from the Massachu- 
setts Heart Association. Some of these data have been 
presented at a meeting of the American Society for Clini- 
cal Investigation, May 3, 1959. 

+ Fellow of the National Foundation. 

t Present address: Department of Medicine, University 
of Pittsburgh Medical School, Pittsburgh, Pa. Requests 
for reprints should be sent to this address. 

§ Public Health Service Research Fellow of the Na- 
tional Heart Institute. 


with NH,* ion in plasma and which entered alveo- 
lar air during the passage of blood through the 
pulmonary capillaries. 

It was thought that some of the physicochemical 
properties of the NH,*-NH, system could be in- 
vestigated in vivo in animals receiving substantial 
amounts of ammonium salts intravenously and 
could be compared with the properties of the same 
system in animals not receiving ammonium salts. 
Consistent similarity in behavior of the NH,*-NH, 
system in both groups of animals would consti- 
tute strong evidence that the measured endogenous 
arterial blood ammonia concentrations actually 
existed im vivo and did not represent post-shedding 
decomposition artifact. 

Three properties of the NH,*-NH, system have 
been investigated : 


1. The partial pressure of ammonia gas in the 
alveolar air (PAyy,) as a function of arterial 
pH and arterial total ammonium level. From 
these data, a pK’, for the equilibrium NH,* = 
NH,+ H* could be calculated for both 
groups; 

. The relationship between cerebrospinal fluid 
and arterial total ammonium concentrations ; 
. The behavior of the blood ammonium system 
when changes in blood pH are induced by 
the intravenous infusion of HCl or of Na- 


HCO,. 


Certain additional points have been investigated : 


1. The stability of ammonium concentrations in 
trichloracetic acid filtrates of blood; 

2. The relationship between plasma and erythro- 
cyte total ammonium concentrations. 


In this paper, all ammoniacal nitrogen concen- 
trations will be expressed in micromoles per liter. 
“Total ammonium” refers to both the NH,* and 
NH, fractions. Ammonia gas refers only to NH,. 
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METHODS 
I. General 


Mongrel dogs weighing from 10 to 15 kg were used for 
all except a few human experiments. The dogs were 
anesthetized with intravenous sodium pentobarbital (30 
mg per kg). Additional sodium pentobarbital as re- 
quired was given parenterally. Intravenous infusions 
were given through polyethylene catheters in the jugular 
and/or femoral veins. Arterial blood was obtained 
through a polyethylene catheter in a femoral artery. 
Cerebrospinal fluid obtained by direct cisternal 
puncture. 

All body fluids analyzed for total NH,-N were mixed 
with an approximately equal volume of ice-cold 20 per 
cent trichloracetic acid and the resultant protein-free fil- 
trates analyzed in triplicate using the ninhydrin method 
of Nathan and Rodkey (7). The optical densities were 
read at 560 mw against a water blank in a Coleman 
Model 6-A Junior Spectrophotometer. Preliminary ex- 
periments confirmed the of Nathan and 
Rodkey on the recovery of ammonia added to blood and 
on the linearity of intensity of ninhydrin color develop- 
ment with solutions containing at least up to 300 umoles 
NH.-N per L. Calculations were done as described by 
Nathan and Rodkey. In the early experiments, tri- 
chloracetic acid filtrates were analyzed on the day of 
After it was demonstrated that the NH.-N 
content was stable when kept frozen at — 10° C (see be- 


Was 


conclusions 


preparation. 


low), filtrates were frozen up to several days prior to 
analysis. 

In experiments involving analysis of plasma and/or 
packed cells, the blood was drawn anaerobically into an 
oiled heparinized syringe. Ten ml was extruded into a 
test tube under mineral oil by means of a no. 14 poly- 
ethylene cat’ ter and centrifuged 10 minutes at 2,500 rpm. 
About 3 ml plasma was then aspirated aerobically and 
immediately mixed with 3.0 ml ice-cold 20 per cent tri- 
chloracetic acid. In packed cell analyses, 3 ml of cells 
was mixed with 5.0 ml 20 per cent trichloracetic acid to 
prepare the filtrates. By anaerobic handling it was hoped 
to maintain CO, tension, thus inhibiting im vitro forma- 
tion of ammonia after shedding,’ and also to prevent pos- 
sible NH, gas loss from the more alkaline blood samples. 

Cerebrospinal fluid analyses were usually performed 
in triplicate on the filtrates obtained by the addition of 
approximately 2 ml of cerebrospinal fluid to 2.0 ml 20 per 
cent trichloracetic acid. 

Blood pH was measured anaerobically by means of a 
3eckman Model G pH meter. Readings were made at 
room temperautre and converted to 37° C by the Rosen- 
thal correction factor (11). Samples were collected in 
oiled heparinized syringes. Total CO, content of blood 
was determined by the technique of Van Slyke and 
Neill (12). Plasma CO, content was calculated from 
whole blood CO,, hematocrit, and pH by means of the 


1 Several investigators have reported the marked in- 
hibitory effect of the maintenance of CO, tension on the 
release of ammonia after shedding (2, 9, 10). 
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correction factors of Van Slyke and Sendroy (13). Ar- 
terial plasma CO, tensions (Paco:) were calculated by 
means of the Henderson-Hasselbalch equation using a 
pK’, of 6.10 (14), and a solubility factor of 0.0301 
mmole per L per mm Hg for CO, in plasma (15). 

Expired air for ammonia determination was bubbled 
through a trap containing 5 or 10 ml of 0.1 N HCl as 
described by Robin and associates (8). The HCl solu- 
tion was then analyzed in triplicate using the procedure of 
Nathan and Rodkey (7). 

Expired air was collected in a Douglas bag or in a 
meteorological balloon connected in series to the HCl 
outflow. Expired volumes (Vx) were measured 
in a Tissot spirometer. CO, tension in the expired air 
(PeCO,) was measured by a Liston Becker infrared CO, 
analyzer. 


trap 


II, pK’, determinations 


A. Infused dogs (9 
and insertion of catheters and endotracheal tube, a prim- 
ing dose of 0.2 M ammonium acetate was infused at about 
1 mEq per minute for 20 to 30 minutes. The infusion 
rate was then reduced to 0.3 to 0.5 mEq per minute and 
maintained at that level with a Bowman constant infu- 
sion pump throughout the experiment. After 15 minutes 
of equilibration, a 20 minute air sample collection for 
NH, analysis was bubbled through a HCI trap. Mid- 
way through the NH, air collection period, a 3 to 5 


animals). Following anesthesia 


minute expired air sample was obtained for measure- 
ment of Ve and PeCO.. A simultaneous arterial blood 
was drawn for Paco, and pH while a 3 ml sample was 
immediately mixed with 3.0 ml ice-cold 20 per cent 
trichloracetic acid for total ammonium analysis. These 
data permitted calculation of alveolar ventilation (Va) 
by means of the Bohr (16) relation: 


PCO. 


Pacos 


Va = Ve 
HC! (0.5 N) was then infused into 4 animals. A prim- 
ing dose of about 75 mEq was given at approximately 
2.5 mEq per minute. Then a slow infusion of 0.5 mEq 
per minute was maintained for the remainder of the ex- 
After a 15 minute equilibration period, another 
20 minute air collection for NH, analysis was obtained 
and Vx, PeCO., arterial pH, and whole blood arterial 
total ammonium concentration were measured. 

In 3 of the other animals, 0.9 N NaHCO, was in- 
fused using 150 to 200 mEq as a priming dose, and 50 
mEq at 1 mEq per minute as a maintenance infusion. 
Similar measurements were obtained. 

For the reaction NH,*=NH,+H’*, pK’, was then 
calculated for 16 sets of data covering a pH range of 6.75 
to 7.61. (See Calculation below. ) 

B. Uninfused dogs (10 Following anes- 
thesia and insertion of the endotracheal tube, expired 
air was bubbled through a 5 or 10 ml HCl trap for ap- 
proximately 4 hours in order to insure analyzable con- 
centrations of ammonia. In all experiments the entire Vr 
was collected in a meteorological balloon. However, 


periment. 


animals). 
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only a single arterial blood sample was obtained for 
total ammonium analysis and for pH, CO, content, and 
hematocrit. Since pH and Paco, undoubtedly varied to 
some degree during the prolonged course of these ex- 
periments, the derived value of Va is only an approxima- 
tion. 

No body temperature determinations were done on 
either group of animals. Data on two human subjects 
were also obtained by means of endotracheal tubes dur- 
ing operations. 

C. Calculations. From the data obtained, the alveolar 
tension of NH, gas (PAwn;), in millimeters of Hg, may be 
calculated as indicated by Robin and associates (8). Using 
an a (Bunsen solubility coefficient) of 0.96 L NH; per L 
plasma per mm Hg (17), the concentration of dissolved 
NH, gas in L per L plasma may be calculated assuming 
that there is complete NH, equilibrium between pulmonary 
capillary blood and alveolar air so that Paya; = PAnas. 
(This is a very likely assumption in view of the great 
diffusiveness of NH, gas.) Conversion from liters of 
NH, gas to moles may be made using the factor of 22.1 L 
(STPD) per mole NH; gas. Thus, [NH,] in moles per 
liter of blood 


on Pann; X aNH; 


22.1 


The total concentration of NH,-N in moles per liter of 
whole blood is easiiy derived from the concentration of 
NH,-N in milligrams per milliliter by dividing by 14 
(atomic weight of N). 

In the equilibrium: 


NH, <9 a NH; 
"=" CH*I(NHs] 

° [NH,*] 
ae [NH,*] 
pK’, = pH + log [NH] 
[total ammonium] — [NH:! 

[NH;] 
[total ammonium } ) 

= meee — ED. 

pH + log ( [NH] 


= pH + log 


{total ammonium] 
([NH,] 

the pH range experimentally attained, the final term in 

the logarithm has been disregarded as being insignificant, 

giving the following expression for calculation of pK’s 


varies from about 30 to 250 in 





Since 


[total ammonium ] 


pK’, = pH + log —— [NHs] 
Several sources of error in the determination of pK’, 
must be mentioned. These errors assume greater pro- 
portions in the data obtained from noninfused animals. 
1. Va depends on Vx (which can be measured rather 
exactly), and on PeCO, and Paco,. These latter values 
undoubtedly vary to some extent throughout the experi- 
mental period so that the “average” PeCO, and the single 
point value of Paco, do not enable an exact calculation of 


Va. 
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2. Temperature was not measured in these animals. 
Body temperature may fall below normal in an anes- 
thetized animal or the animal may be febrile for some 
other cause. Some variation of a NH, and of pK’, with 
temperature has been shown to exist (17). 

3. The possibility of variation of blood pH and of blood 
total ammonium concentrations, particularly during long 
air collections, was disregarded. This may have affected 
the calculations to a substantial degree. 

4. Whole blood total ammonium concentrations were 
measured rather than plasma (which 
would be somewhat lower). 

5. A given error is proportionately greater when meas- 
uring small total ammonium concentrations in uninfused 
animals. 


concentrations 


III, Spinal fluid arterial blood ratios of total ammonium 
concentration 


A, Uninfused dogs (7 animals). A_ needle with 
stylet was inserted atraumatically into the cisternal space 
and simultaneous samples of arterial blood and of cerebro- 
spinal fluid were withdrawn. In 3 animals, 2 samples 
each of cerebrospinal fluid and blood were obtained. In 1 
animal, 3 samples each of cerebrospinal fluid and blood 
were obtained. In 3 animals, single samples of cerebro- 
spinal fluid and blood were obtained. Cerebrospinal fluid 
and blood trichloracetic acid filtrates were prepared and 
analyzed in triplicate as described previously. 

B. Infused dogs (6 animals). Two dogs were given a 
constant infusion of 0.2 M NH, acetate at 0.36 mEq per 
minute after a priming dose of 1 mEq ammonium acetate 
per minute for 15 minutes. After a steady state was es- 
tablished, arterial blood and cerebrospinal fluid samples 
were taken approximately at hourly intervals for a 6.5 
hour period in one dog and a 5 hour period in another 
dog. Eleven simultaneous pairs of values were obtained 
in this way. Six other pairs of values were obtained in 
(her experiments in which cerebrospinal fluid was with- 
drawn during steady state conditions. 

C. Humans. Three other paired values of arterial blood 
and cerebrospinal fluid were obtained in human subjects 
with severe liver disease. 


IV. Plasma-erythrocyte total ammonium ratios 


In 4 dogs receiving a constant infusion of 0.2 M am- 
monium acetate, separation of erythrocytes from plasma 
and analysis for total ammonium concentration were car- 
ried out as described above. Arterial whole blood total 
ammonium and plasma pH were determined simultane- 
ously. 


VY’. Filtrate stability 


Fifteen ml of venous blood was obtained from a dog 
receiving a constant infusion of ammonium acetate and 
was mixed with 15 ml ice-cold 20 per cent trichloracetic 
acid. The filtrate was divided into 7 aliquots which were 
frozen at — 10° C. One aliquot was analyzed at the time 
of obtaining the blood; the remainder was analyzed at 
intervals over an 8 week period. A similar procedure was 
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followed with arterial blood from a dog receiving no am- 
monium salt infusion. Five aliquots at appropriate in- 
tervals were analyzed during a 24 day period. 


ll. NH, -NH, system as an indicator of intracellular- 
extracellular acid-base relations 


The technique of these experiments has been described 
in detail by Robin, Bromberg and Forkner (18). Shifts 
in total ammonium concentration of arterial plasma in 
dogs receiving constant infusions of ammonium acetate 
were induced by infusion of HCl and NaHCO, in ap- 
propriate quantities. The theory underlying such shifts 
is based on the process of non-ionic diffusion which has 
been discussed generally by Milne, Scribner and Crawford 
(19), and for this system by Robin and associates (18), 
and by Stabenau, Warren and Rall (20). In dogs re- 
ceiving a constant infusion of ammonium acetate, a rise in 
arterial plasma total ammonium concentration is produced 
by infusion of HCI and a fall is produced by infusion of 
NaHCO,. In 2 dogs, not receiving ammonium salt in- 
fusion, the endogenous arterial plasma total ammonium 
level was measured during a control period, and during 
HCl and NaHCO, infusions. The details of procedure 
hd Sides Wahedln aad ali Raa. 

Dog no. 1. After drawing a control arterial blood 
sample for pH, CO, content, hematocrit, and plasma total 
ammonium determinations, 270 mEq NaHCO, was in- 
fused at 18 mEq per minute. Toward the end of the in- 
fusion another arterial blood sample was obtained for the 
same determinations. Ninety mEq HCI was then in- 
fused at 6 mEq per minute. Toward the end of this in- 
fusion a final arterial blood sample was obtained for the 
same determinations. 

Dog no. 2. After drawing a control arterial blood 
sample, 50 mEq HCI was infused at 2 mEq per minute. 
Toward the end of the infusion period another arterial 
blood sample was obtained. Four hundred mEq of Na- 
HCO, was then infused at 10 mEq per minute. Toward 
the end of the infusion a final arterial blood sample was 
obtained. 

Ventilation was not controlled in either dog so that 
Paco. values varied. This must be kept in mind when 
evaluating the pH changes produced in relation to shifts 
in plasma total ammonium concentrations. 


RESULTS 
Determination of pK’,. In Table I are shown 
the data in dogs receiving ammonium acetate in- 
fusions and 16 pK’, values calculated from these 
data. The mean pK’, was 9.13 + 0.15 over a pH 
range of 6.75 to 7.61. 
lar data for ten dogs and two humans not receiving 


In Table II are shown simi- 


ammonium salt infusions with 12 pK’, values cal- 
culated from these data. The mean pK’, was 9.15 
+ 0.49 over a pH range of 7.10 to 7.42. Analysis 
by a modified ¢ test reveals no significant differ- 
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ence between these two means. The average 
whole blood total ammonium concentration in the 
normal anesthetized dog is 81 ymoles NH,—N per 
I. +28. The average normal alveolar ammonia 
gas tension is 0.5 x 10°* mm Hg + 0.6. 

Cerebrospinal fluid/arterial blood ratios of total 
ammonium concentration. In Table III are shown 
pairs of simultaneous cerebrospinal fluid and ar- 
terial whole blood total ammonium levels in dogs 
receiving ammonium acetate infusions. The mean 
ratio of cerebrospinal fluid to arterial blood total 
ammonium concentration at arterial pH values of 
7.3 to 7.5 was 0.48 + 0.09. 

In Table IV are shown 7 simultaneous pairs of 
cerebrospinal fluid and whole blood total am- 
monium levels in uninfused dogs. In two of these 
studies a cerebrospinal fluid total ammonium con- 
centration of zero was obtained. In both cases, 
technical difficulties rendered these results ques- 
tionable. In one study, only a very small volume 
of cerebrospinal fluid was obtainable, necessitating 
a large dilution before analysis. In the other, an 
unusually low color development with ninhydrin 


For 


was observed in the analyses done that day. 


TABLE I 


pK’, in dogs infused with ammonium acetate 


Calculated Art. 
art. blood Art. 
plasma total blood 
Dog PaNHsa (NH3°) amm. pH 


mm Hg pmoles/L umoles/L 


ee 2,240 
34.3 1,590 
3 578 
8 938 


1,060 

379 
2,340 
1,075 
2,145 
1,300 


9.05 


326 30 
1 9.07 


251 


264 eS 
192 7.61 


450 
339 


1 
2 
7.29 2 
7.56 ¥. 


Mean: 9.13 + 0.15 
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TABLE Il 


pK’. in ten dogs and two humans not infused with 
ammonium acetate 


Arterial 
blood 
total 

ammo- 


plasma 
nium 


Subject ¥H3°) 








no. mm He 
x10-4 


pmoles/L = ymoles/L 


Dog 
1 0.20 0.86 62 
0.11 Q 94 
0.27 ‘ 61 
1.79 ; 75 
0.50 . 87 
0.34 3 64 
1.65 : 109 
0.27 : 119 
0.09 ' 103 
y 134 


SOON AU ES Who 
SNNNNN NNN 
N Wwe NW WwW Wb 
me UO we Ae 00 
SO 90 90 90 00 0 0 0 
wWNODWHK A 
SOD Gin ste 


badhio 
> 
No 


Humans 
M. H. a : 96 
A. G. B E 


7.42 
7.38 


Mean: 9.15 + 0.49 


9.18 
9.85 





this reason, these two values have been excluded 


from the calculation of the mean. The mean cere- 


brospinal fluid/arterial blood ratio of the remain- 


TABLE III 


Simultaneous cerebrospinal fluid and arterial blood total 
ammonium concentrations in dogs infused 
with ammonium acetate 





Cerebro- 
spinal Arterial 
fluid blood 
total 
ammonium 


total 


CSF arterial 
ammonium i 


ratio 








pumoles/L pmoles/L 
181 344 
156 331 
218 351 
217 390 
229 368 
243 424 


MAaAUA Sw 


251 647 
312 566 
314 588 
269 641 
279 658 


NNwuno SIN DAM IW 


em Onn WwW 


271 
307 
279 


eso sssss sesesess 


mW 
- UI 


= = 
io 
oF 


191 
321 0.44 
309 0.52 


Mean: 0.48 + 0.09 





ing five studies was 0.35 + 0.12. These two means 
are not significantly different. 

NH,-NH, system as an indicator of intracellu- 
lar-extracellular acid-base relations. In Table V 
are shown levels of arterial plasma total ammonium 
at control pH and with pH modified by HCl and 
NaHCO, administration in a typical dog receiv- 
ing a constant infusion of ammonium acetate. 
Arterial pH and pCO, values are also given for 
each point. Similar data are given for the two 
dogs not receiving ammonium infusions. 

The pattern of response of the arterial plasma 
total ammonium levels to alterations of arterial 
pH by HCl or NaHCO, in both infused and unin- 
fused animals is the same. 

Filtrate stability. Table VI summarizes the data 
on filtrates stored at — 10° C. Within the limits of 
experimental error, filtrates were stable up to three 
weeks under these conditions. 

Plasma-erythrocyte total ammonium ratios. In 
Table VII are shown values for arterial plasma 
total ammonium, erythrocyte total ammonium, 
and simultaneous pH, hematocrit, and independent 
whole blood total ammonium, when obtained. 
Whole blood total ammonium levels calculated 
from hematocrit and erythrocyte and plasma con- 
centrations are in close agreement with the ex- 
perimentally determined whole blood values. 

The ratio of erythrocyte/plasma total am- 
monium (uncorrected for plasma water and for 
erythrocyte water) in four animals receiving am- 
monium acetate infusions is approximately con- 


stant (1.36 to 1.42). 


TABLE IV 


Simultaneous cerebrospinal fluid and arterial blood total 
ammonium concentrations in dogs not infused 
with ammonium acetate 


Cerebro- 
spinal Arterial 
fluid blood 
total total 
ammonium ammonium 


CSF /arterial 
ratio 





pmoles/L umoles/L 

0 57 0* 
36 82 0.44 
12 46 0.26 
22 43 0.51 

0 113 0* 
23 76 0.30 
22 100 0.22 


__Mean: 0.35 + 0.12 





* Excluded from mean because of technical difficulties. 
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TABLE V 


Variation of arterial plasma total ammonium 
concentrations with pH 


Plasma 
total 
ammonium 


Arterial 


Type of experiment pH 





, ’ pmoles/L 
Dog infused with 
ammonium acetate 


772 
329 
428 
1,160 


1. Control 

2. NaHCO; infused 
3. HCl infused 

4. HCl infused 


Dog not infused with 
ammonium acetate 
1. Control 

2. NaHCO; infused 
3. HCl infused 


Dog not infused with 
ammonium acetate 
1. Control 
2. NaHCO; infused 
3. HCl infused 


DISCUSSION 


All blood ammonia analytical methods involve 
alkalinization of the blood in order to volatilize am- 
monium ion as ammonia gas followed by trapping 
The 
NH, content of the resulting water solution is 
then analyzed titrimetrically or colorimetrically. 

In the recent renewal of interest in ammonia 
metabolism, the most commonly used analytical 
method has been the microdiffusion technique of 
Conway and Cooke (2). Conway emphasized the 
importance of using precisely constructed and 
processed diffusion units. He also indicated that 
several correction factors were necessary, includ- 
ing one for incomplete diffusion. At room tem- 
perature, only about half the total ammonium in 
water solution was liberated in a ten minute dif- 
fusion period. Other corrections were made for 


the liberated ammonia gas in dilute acid. 


TABLE 


TABLE VI 





Stability of trichloracetic acid filtra 





Infuse 


d dog 
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c 


Noninfused dog 








Day 


Total 
ammonium 





pmoles/L 
filtrate 


Total 
ammonium 


pmoles/L 
filtrate 


40 
53 
46 
68 
47 


259 
256 
235 
251 
279 
274 
289 


TOON WH — 


ne 


the “deaminating” action of alkali on blood, and 
for the slower release of NH, gas from blood- 
carbonate mixtures as opposed to water-carbonate 
mixtures (21). Most investigators using the Con- 
way method have specified neither the precise con- 
ditions under which determinations were made, 
nor which, if any, of the correction factors were 
used. 

The other analytical method in general use to- 
day, introduced by Seligson and Seligson in 1951 
(4), allowed for complete diffusion by mechanical 
rotation of the diffusion chamber. A variant of 
this procedure was introduced by Nathan and Rod- 
key (7), who prepared a protein-free filtrate of 
blood with ice-cold trichloracetic acid immediately 
after shedding. This method had the theoretical 
advantage of reducing the magnitude of enzy- 
matically catalyzed reactions which produced arti- 
factual concentrations of total ammonium after 
shedding, and the additional advantage that the 
ammonium content of ice-cold trichloracetic acid 
filtrates was stable for at least one hour, permitting 
duplicate or triplicate analyses. Our data (Table 
VI) indicate that trichloracetic acid filtrates are 
stable at — 10° C for several weeks, which further 


VII 


Erythrocyte and plasma total ammonium concentrations 








Total ammonium 





Arterial 


pH Hematocrit 


Plasma 


Calc. 
whole 
blood 


Whole 
blood 


Eryth./plasma 
ratio 


Erythro- 
cyte 





pmoles/L 


0.38 


0.47 
0.45 


512 
557 


371 


379 


pmoles/L 
583 


449 
435 


pmoles/L. 
547 
596 
438 
466 


pmoles/L 


698 


529 
529 


“ 


Be 
1, 
1, 
a 
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extends the usefulness of the procedure of Nathan 
and Rodkey. 

A major difficulty of such methods resides in 
the fact that blood gives rise to increasing amounts 
of alkali-volatile material on standing. This fact 
was evidently not fully appreciated by early work- 
ers, and it was not until the investigations of Folin 
and Denis (22), Barnett (23) and Nash and 
Benedict (24) that values of about 70 pmoles 
NH, -N per L blood were obtained. Using rapid 
vacuum steam-distillation of blood alkalinized with 
borate buffer, Klisiecki and Parnas found the 
peripheral venous blood NH,—N concentration in 
nonfasted resting mammals (including man) was 
less than 35 wmoles per L (25, 26). 

Normal peripheral venous blood NH,—N levels 
as measured by Seligson diffusion methods vary 
from 50 to 100 pmoles per L (5, 27, 28). Values 
up to 70 wmoles per L usually are accepted as nor- 
mal using the Conway method (21), but levels as 
high as 200 wmoles per L have been reported as 
normal (30). 

One of the difficulties of interpreting results ob- 
tained with the Conway method is that Conway de- 
scribed a rapid increase in blood total ammonium 
concentration which began immediately after shed- 
ding and reached a relative plateau within two to 
three minutes. By extrapolation of the data back 
to the time of shedding it was thought that the nor- 
mal im vivo peripheral venous blood total ammonium 
level was actually zero. Conway and Cooke ia- 
beled this initial increase as the “alpha”’-ammonia 
and believed it was largely due to the decomposi- 
tion of adenine derivatives (31). This work was 
repeated and confirmed in humans by White, 
Phear, Summerskill and Sherlock (29). These 
workers therefore accepted the ‘“‘alpha”-ammonia 
as the “normal” level. Although the source(s) of 
the “alpha”-ammonia and its possible variations 
under different conditions were very poorly de- 
fined, it seems to have been tacitly assumed that 
the “alpha”-ammonia could be regarded as a con- 
stant value under all experimental circumstances. 
Conway himself says, “It is reasonable to assume 
that a significant elevation of the blood ammonia 
over the normal ‘alpha’ level is due to so much free 
ammonia in the circulating blood. . .” (21). Al- 
though it is true that ammonium added to blood 
is close to 100 per cent recoverable, it is of note 
that no experiments have been reported (to the 
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authors’ knowledge) in which bloods with an “ele- 
vated” in vivo total ammonium level have been 
subjected to multiple rapid serial analyses with 
extrapolation back to zero time of shedding. 
Conflicting results have been reported by Nel- 
son and Seligson (5). Using the method of Selig- 
son and Hirahara (6), they found significant lev- 
els of total ammonium in peripheral venous blood 
and claimed that they were measuring “true” 
blood ammonia independent of chemical artifact. 
The potential sources of arterial ammonia may 
be briefly discussed. Portal venous blood con- 
tains high ammonia levels, especially in the flow 
from the large intestine, presumably as a result 
of bacterial action on nitrogenous intestinal ma- 
terials (1, 22, 26, 29, 32). Although this blood is 
largely deammoniated in its passage through the 
normal liver and converted into urea, some am- 
monia may escape to the hepatic vein particularly 
in the presence of relative insufficiency of the urea- 
forming mechanism (33). Any portal blood 
which circumvents the liver to flow directly into 
the vena cava will also contribute ammonia to 
arterial blood. 
sistently shows high ammonia levels, presumably 
from the deamidation of glutamine and the de- 
amination of amino acids (24, 26,29). Exercising 
muscle releases NH, into the venous return (34, 
35). Brain and other peripheral tissues may re- 
lease ammonia under certain conditions (36). 
The possible role of the widely distributed amine 
oxidases acting on circulating amines has been 
mentioned (37). Finally, of course, the same 
substrates which are postulated to give rise to am- 


Normal renal venous blood con- 


monia by decomposition in shed blood may be 
continually producing small amounts of ammonia 
in vivo. From all these sources, therefore, am- 
monia may enter the venous return to the heart, 
thence through the lungs, to appear in the ar- 
terial blood. The major organ to remove am- 
monia from blood is probably the liver, although 
positive arteriovenous ammonium differences have 
been demonstrated under certain conditions for 
brain and for limb tissues (27, 36). Our data 
indicate that ammonia is also excreted by the 
lung. The loss by this route is quite small, aver- 
aging approximately 1 mg of NH, per day. 

The results of the present investigations are con- 
sistent with the hypothesis that arterial blood of 
anesthetized dogs does contain significant quan- 
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tities of circulating ammonia. The correspondence 
of the pK’, values calculated for animals infused 
with ammonium acetate (9.13 + 0.15) and for un- 
infused animals (9.15 + 0.49), the correspondence 
of the ratio of cerebrospinal fluid/arterial ammo- 
nium concentrations in both groups of animals 
(0.48 + 0.01 versus 0.35 +0.12), and the simi- 
larity in response of the NH,*-NH, system to 
HCl and NaHCO, infusions in both groups of ani- 
mals, constitute evidence that the arterial blood of 
dogs contains measurable amounts of total am- 
monium in vivo. The magnitude of the standard 
deviations from the mean, particularly in the un- 
infused animals, may be accounted for by the sev- 
eral sources of error discussed for the determina- 
tion of pK’, in Methods. Data in the literature 
are in general agreement with these results. 
Jacquez, Poppell and Jeltsch (38) measured 
PAyn;, arterial plasma total ammonium concentra- 
tions and arterial pH in dogs with portacaval 
shunts. Good agreement was found between 
measured values of PAyy, and values of Payg, 
calculated from arterial plasma total ammonium 
concentrations, pH and pK’,. The value of pK’, 
employed was calculated by Jacquez and associ- 
ates (17) from data in the chemical literature for 
water solutions and given as 9.02 at 37°.2 After 
having also investigated two normal dogs, they 
concluded that “the check between the alveolar 
Pyu, and the calculated plasma Pyy, is inde- 
pendent corroborative evidence that the total 
plasma ammonia measured by our method is of 
the correct order of magnitude and corresponds 
to the amount present in plasma in vivo.” 

The spinal fluid data of Stabenau and associ- 
ates (20) in anesthetized dogs receiving ammo- 
nium salts intravenously showed a ratio of 0.49 
between cerebrospinal fluid and arterial blood total 
ammonium concentrations. This compares with 
our value of 0.48. In seven normal humans, 


than what has been frequently assumed on the basis of 
the dissociation constant of NH,OH in water solution 
(1.8 xX 10° at 25°); pK’, =9.4. Bank and Schwartz 
measured the ammonium pK’, of solutions containing a 
variety of solutes normally found in urine in high con- 
centrations. They obtained a value of approximately 9.03 
in solutions with the ionic strength of plasma at 37° C 
(39). Our value of 9.13 is probably high since whole 
blood total ammonium concentrations were measured 
rather than plasma concentrations. 


339 


Clarke and colleagues, quoted in a paper by Sum- 
merskill, Wolfe and Davidson (40), found an 
average arterial total NH,—N level of 37 pmoles 
per L while simultaneous cerebrospinal fluid levels 
were 14 ymoles per L, giving a ratio of 0.38 which 
compares to our ratio of 0.35 in dogs. In four 
patiexts with “hepatic” coma, they found am- 
monium ratios of cerebrospinal fluid/arterial blood 
varying from 0.4 to 2.4. In three patients with 
severe liver disease, we found ratios of 0.54, 0.72 
and 0.76. The similarity of the cerebrospinal 
fluid/arterial blood total ammonium concentra- 
tion ratios both in ammonium-infused and non- 
infused preparations suggests that cerebrospinal 
fluid and arterial blood do contain significant am- 
monium levels in vivo in the uninfused animal. 
Most of the potential sources of ammonia forma- 
tion in blood after shedding are found only intra- 
cellularly (41) and would not be expected to be 
present in an acellular fluid like cerebrospinal 
fluid. However, it must be noted that glutamine, 
an obvious potential source of ammonia, is present 
both in plasma and in cerebrospinal fluid (42). 

It has been shown that in dogs receiving a con- 
stant infusion of ammonium acetate, relative ex- 
tracellular acidosis produces a rise, and relative 
extracellular alkalosis produces a fall, in arterial 
plasma total ammonium concentrations (18). As 
long ago as 1926, Parnas and Klisiecki showed 
that the infusion of acid salts produced a marked 
rise in blood ammonia levels of normal dogs (26). 
Comparable results using acid and alkali infusions 
were also obtained by Lawrence and associates 
(43) in normal and in Eck-fistula dogs. Thus, 
the physicochemical behavior of the alkali-labile 
material in the blood is similar both in ammonium- 
infused and in noninfused dogs. Since the na- 
ture of this material is known in the infused ani- 
mals, it seems reasonable to conclude that the ar- 


terial blood of dogs contains approximately 81 
pmoles NH,—N per L, and that normally Paya, 
averages 0.5 x 10°* mm Hg. 

Since the physicochemical relations discussed in- 
volve plasma and extracellular fluid rather than 
whole blood, it seemed’ of interest to define the 
respective contributions of the red cell and plasma 


to the whole blood total ammonium. Previous in- 
vestigators (6, 9, 44) have noted that erythro- 
cytes generally contain more ammonia per unit 


volume than plasma. Seligson and Hirahara (6) 
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showed that this ratio could not be attributed to 
preferential erythrocyte generation of ammonia 
after shedding. 

Our measurements were made on dogs receiv- 
ing ammonium acetate infusions, and small er- 
rors due to ammonia liberation after shedding 
were minimized by the high pre-existing levels. 
At normal blood pH’s the ratio of erythrocyte to 
plasma total ammonium concentration, expressed 
per volume of material analyzed, averaged 1.4. 
It seems probable that this ratio reflects the hy- 
drogen ion gradient across the red cell membrane, 
ammonia penetrating the red cell by non-ionic dif- 
fusion as NH, gas (45), so that, 


[NH,*]red cell _ [H*] red cell 
[NH,*] plasma — 





[H*] plasma ° 


Since the intracellular erythrocyte pH is known 
to be more acid than plasma pH (46), a ratio 
greater than 1.0 would be expected. 


SUM MARY 


1. The arterial blood total ammonium concen- 
tration of the anesthetized dog averages 81 pmoles 
NH,-N per L + 28 as measured by the method 
of Nathan and Rodkey (7). 

2. This level appears to represent in vivo cir- 
culating ammonia since the physicochemical be- 
havior of the NH,*—NH, system is similar in dogs 
infused with ammonium acetate and in uninfused 
dogs. 

3. The pK’, of NH,* = NH,° + H* is 9.13 + 
0.15 and 9.15 + 0.49 in the infused and uninfused 
dogs, respectively. The cerebrospinal fluid/ar- 
terial blood total ammonium concentration ratio is 
0.48 + 0.09 and 0.35 +0.12 in the infused and 
uninfused dogs, respectively. The tension of NH, 
in the alveolar air of uninfused dogs averages 
0.49 + 0.6 x 10* mm Hg. 

4. An anaerobic technique for separating eryth- 
rocytes and plasma for ammonium analysis is 
described. 

5. Trichloracetic acid filtrates are stable with re- 
spect to their ammonia tontent when stored at 
— 10° C for up to three weeks. 

6. The relationship between erythrocyte and 
plasma total ammonium concentrations is dis- 
cussed. At normal blood pH (7.30 to 7.50) the 
erythrocyte/plasma ratio is 1.4. 


. Kirk, E. 


. Conway, E. J., and Cooke, R. 


. Strehler, E., Haas, J., and Rupp, F. 
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Although the existence of blood platelets had 
been known for many years it was not until 1882 
that Bizzozero (1) called attention to the role of 
platelets in blood coagulation. Morawitz (2), 
twenty years later, was among the first to con- 
sider the specific chemical contribution of the 
platelet to the clotting process. 

Howell (3), in 1912, demonstrated the presence 
of an unsaturated phosphatide (“kephalin”) in 
Mills 
(4), in 1927, showed cephalin to be present in 


thromboplastic substances of tissue origin. 


blood platelets, and the following year Haurowitz 
and Sladek (5) published results of chemical analy- 
sis of horse platelets, reporting a lipid content of 12 
per cent of dry weight. The first convincing data 
relating the cephalin content of platelets to ac- 
celeration of coagulation were supplied by Char- 
sancroft and Stanley-Brown (6). These 
workers also reported at that time what has re- 


gaff, 


cently been emphasized again (7, 8) : phosphatides 
from other natural sources (soy bean, yeast) also 
were capable of accelerating blood clotting in vitro. 
Erickson, Williams, Avrin and Lee (9), confirmed 
the results of Chargaff and associates relating to 
platelet phospholipid content. Wallach, Surgenor 
and Steele (10), identified phosphatidyl ethanol- 
amine and phosphatidyl serine in human platelets. 
Subsequently the presence of inositol phosphatide 
was noted (11, 12). 

Wooldridge, in 1886 (13), demonstrated a coagu- 
lant effect of substances obtained from red cells by 
both aqueous and lipid solvents. With small doses 
of these extracts administered intravenously to 


dogs, Wooldridge also observed a hypocoagulable 


* These studies were supported by a contract with the 
Research and Development Division, Office of the Surgeon 
General, Departmem of the Army (DA-49-007-MD-632), 
and a grant (H-4167) from the National Heart Institute, 
Bethesda, Md. 


state similar to that noted in animals infused with 
thromboplastin (14-16). Much more recently a 
number of investigators (11, 17-21), have again 
demonstrated active coagulant substances in red 
cell hemolysates or extracts. Further studies have 
demonstrated that the coagulant activity resides in 
a lipoprotein (22, 23) or a lipid (11). The exact 
chemical nature of these thromboplastic substances 
derived from platelets and red blood cells has been 
the subject of much investigation since Wooldridge’s 
publication (13). That the primary coagulant 
activity resides in the cephalin fraction was shown 
by the work of a number of investigators (3, 24— 
27) in the period between 1886 and 1930. In 
1921, Zunz and LaBarre (28) demonstrated that 
an excess of cephalin inhibited coagulation and 
that lecithin, inactive alone (27), potentiated the 
effects of cephalin in combination. Folch (29), 
in 1942, demonstrated that brain cephalin is in 
fact a mixture of phosphatidyl] serine, phosphatidyl] 
ethanolamine, and inositol phosphatide. Since 
then much effort has been directed toward the 
identification of the specific phospholipid com- 
pounds in platelets responsible for the platelet con- 
tribution to coagulation. Results pertinent to this 
problem have frequently been in disagreement. 
O’Brien (30) called attention to the similarity in 
coagulant activity of platelets and phosphatidyl] 
ethanolamine ; Poole and Robinson (31, 32) sup- 
ported the view that phosphatidyl ethanolamine 
could accelerate thrombin generation in plasma, 
but were unable to demonstrate this thrombin- 
generating activity by phosphatidyl serine or leci- 
Barkhan, Newlands and Wild (33), work- 


ing with Folch fractions of human brain, also 


thin. 


demonstrated clot-accelerating activity by phos- 


phatidyl ethanolamine, and found phosphatidyl 
Rapport (34), on the 
other hand, using phosphatidyl serine obtained by 


serine to be inhibitory. 
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Folch fractionation of brain lipids, reported that 
addition of lecithin to phosphatidyl serine resulted 
in acceleration of clotting. Biggs and Bidwell 
(35) could not correlate the clotting activity of 
Folch brain fractions with their phosphatidyl 
ethanolamine content or with their content of any 
other phospholipid compound. O’Brien (36) later 
concluded that the clotting activity of one phos- 
pholipid may be influenced by the presence of an- 
other phospholipid, for he found coagulant activity 
in a mixture of phosphatidyl serine with inositol 
phosphatide, as well as in a mixture with phos- 
phatidyl ethanolamine. 

A preliminary communication from this labora- 
tory (11) reported that phosphatidyl serine dis- 
played the most potent coagulant activity of all the 
platelet or red cell phosphatides and that this ac- 
tivity was much enhanced by the addition of leci- 
thin. Coagulant activity was also demonstrable in 
mixtures of phosphatidyl ethanolamine and leci- 
thin, or phosphatidyl] ethanolamine and sphingo- 
myelin. Phospholipids similarly isolated from hu- 
man red blood cells had activity identical to those 
obtained from human platelets. Therriault, Nich- 
ols and Jensen (37, 38), using brain phospholipid, 
demonstrated marked coagulant activity of phos- 
phatidyl serine and lecithin when mixed first in 
chloroform solution, but no activity of either com- 
pound alone. Marcus and Spaet (39) have also 
recently confirmed the coagulant activity of phos- 
phatidyl serine obtained from human _ platelets. 
Rouser, White and Schloredt (40, 41) have em- 
phasized the importance of fatty acid unsaturation 
in active coagulant phospholipids, and have con- 
cluded that phosphatidic acid and phosphatidyl 
ethanolamine are the active platelet phospholipids. 
Turner, Silver, Tocantins and Holburn (42, 43) 
have attributed an antithromboplastic activity to 
phosphatidyl serine but, more recently, Barkhan, 
Silver, daCosta and Tocantins (44) have reported 
that phosphatidyl serine can act as an accelerator 
or as an inhibitor of coagulation depending upon 
the experimental conditions. This possibility had 
been predicted by Wolf (45), based on observa- 
tions by Overman (46). 

It is thus apparent that the role of platelet phos- 
pholipids in coagulation has not been precisely de- 
fined. Indeed, the lipid content of human platelets 
has not been accurately characterized or quanti- 
fied. The development of more re4ned techniques 
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for characterizing phospholipids (47) and _ the 
successful application of these techniques to red 
cell lipids (48) suggested application of the same 
The present 


methods to human platelet lipids. 
studies have attempted to identify and quantify the 
lipids of normal human platelets, to assess the role 
of these platelet lipids in the im vitro coagulation 
process, and to compare the effects of platelet lipids 
and the red cell lipids in similar im vitro coagula- 


tion systems. 


MATERIALS AND METHODS 


A. Isolation of platelets from whole blood. Blood was 
obtained from normal adult volunteers; it was collected 
by gravity flow into plastic bags containing 1.5 per cent 
disodium dihydrogen ethylenediaminetetraacetate in 0.7 
per cent NaCl,! employing a plastic donor set.2, A pro- 
portion of 9 volumes of blood to 1 volume of anticoagu- 
lant was used. Forty ml aliquots were then gently de- 
canted into silicone-coated? glass tubes and these were 
centrifuged at room temperature at 300 G for 15 min- 
All glassware used in collection and transfer of 
treated. All 
acid- 


utes. 


platelet-containing plasma was_ similarly 
used in the coagulation 
cleaned. The supernatant platelet-rich plasma was trans- 
ferred by pipette to glass centrifuge tubes. Aliquots of 


platelet-rich plasma were then taken for platelet and 


glassware studies was 


white cell counting, and aliquots to be used in coagula- 
tion studies were stored at 4° C in glass tubes. The 
platelet-rich plasma thus obtained had fewer than 300 
leukocytes per cu mm, and was completely free of red 
cells. The platelet-rich plasma was then centrifuged at 
2,000 G at 4° C. 
thus obtained was decanted into other centrifuge tubes and 
for 30 minutes at 2,000 G. 


The supernatant platelet-poor plasma 


again centrifuged at 4° C 
This supernatant plasma had fewer than 1,000 platelets 
mm (49) and was considered to be “platelet- 
poor.” The sedimented platelets obtained after the first 
2,000 G centrifugation were pooled and washed 3 times 
with isotonic NaCl solution and resedimented by centri- 
fugation at 4° C for 5 minutes at 900 G. The platelets 
thus obtained were then subjected to lipid extraction and 


per cu 


analysis. 

B. Extraction, separation, and measurement of platelet 
and red cell lipids. The methods used for the extraction, 
separation, and quantification of the red cell lipids were 
those previously employed (48). The chromatographic 
methods of lipid separation have been described in detail 
by Marinetti, Erbland and Kochen (47). The 
platelets were extracted 3 times with 30 ml of chloroform- 
methanol (1:1)4; the platelet residue was separated by 

1 EDTA Platelet Pack, Fenwal Laboratories, Inc. 

2 Plexitron, Baxter Laboratories, Inc. 

3 Dowex-Corning Fluid 200. 

4 All were Mallinckrodt, 
grade. 


washed 


solvents redistilled, reagent 
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centrifugation and the supernatants were pooled and 
evaporated to complete dryness under partial vacuum 
with a nitrogen atmosphere. The residue of the pooled 
supernatant was re-extracted with 30 ml of chloroform; 
this extract was filtered through fritted glass, evaporated 
to dryness and constant weight under partial vacuum and 
The en- 
tire extraction procedure was carried out at 37° C. The 
lipids were then dissolved in sufficient benzene to achieve 
a concentration of 5 to 10 mg per ml. Total lipid phos- 
phorus, using the method of Berenblum and Chain (50) 
was determined on aliquots of this solution. The total 
cholesterol content was determined by the method of 
Bloor (51). The phospholipids were separated on silicic 
acid-impregnated paper in a solvent system consisting of 
2,6-dimethyl heptanone-4, n-butyl ether, acetic acid, and 
water in the ratio of 20: 20: 22: 3.3. 
were developed by ascending chromatography at 20° C for 
16 hours. After drying, the individual lipid spots were 
identified with rhodamine 6G under ultraviolet light; the 
lipid phosphorus was eluted with 1 N HCl in methanol 
at 64° C with mechanical shaking, and the net amount 
of phosphorus from each lipid spot was determined. Net 
phosphorus recoveries ranged from 94 to 101 per cent of 
the total phosphorus applied to the chromatogram. 
Chromatographically-pure individual phospholipids were 
obtained by partially separating the total lipid extract by 
silicic acid chromatography, as described by 
Marinetti and associates. The fraction containing the de- 
was silicic 


a nitrogen atmosphere, and the lipids weighed. 


The chromatograms 


column 


sired phospholipid rechromatographed on 
acid-impregnated paper which had been washed by de- 
scending chromatography for 8 days. The washing was 
performed successively with methanol, methanol : chloro- 
form (1:1), 0.01 N NH,OH, 0.5 per cent ethylenedia- 
minetetraacetic acid (EDTA) water, and 
was designed to remove any elutable impurities from the 
Multiple adjacent spots of origin were used in 
The chromatographic 


and distilled 


paper. 
applying the lipid to the paper. 
strip ascending from a laterally placed spot was cut from 
the paper bearing the multiple spots and stained with 
The stained strip was used to locate 
The un- 


rhodamine 6G dye. 
the individual lipid which was then cut free. 
stained phospholipid was eluted from the paper, using 
methanol: chloroform (4:1) at 37° C during a 15 min- 
The eluate was evaporated to dryness under 
The dried elu- 


ute period. 
partial vacuum and nitrogen atmosphere. 
ate was re-extracted with chloroform and rechromato- 
graphed on a 1 g silicic acid column. Ten ml of chloro- 
form, followed by 5 ml of 10 per cent methanol in chloro- 
form was passed through the column to elute impurities 
carried over from the paper. The remaining phospholipid 
was then eluted with 10 ml of methanol. 

The phospholipid separation was confirmed by paper 
chromatography: a sufficient amount of lipid was chro- 
matographed to exclude contamination of more than 3 
per cent by phospholipids other than the one being iso- 
lated. 
cient to determine its phosphorus content by weight, which 


The phosphorus content 


Phosphatidyl serine was obtained in amounts suff- 


was found to be 3.63 per cent. 
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by weight of mixtures of phosphatidyl serine and phos- 
phatidyl ethanolamine obtained directly from partial frac- 
tionation of the total lipid mixture by column chromatog- 
raphy ranged from 3.60 to 3.65 per cent. The weight of 
lipid employed in subsequent coagulation studies was cal- 
culated from the lipid phosphorus, assuming a phosphorus 
content of 3.63 per cent. 
C. Coagulation studies. 
various phospholipids was assayed by measuring the ef- 
fect of the lipid on prothrombin conversion during plasma 
clotting, and by measuring the effect of added lipids on 
“thromboplastin generation” employing a modification of 
the test described by Biggs and Douglas (52). The ef- 
fect of lipid on prothrombin conversion was tested in the 
following manner. The prothrombin concen- 
tration of the normal platelet-poor plasma, prepared as 


The coagulant activity of the 


specific 
described above. was determined by the modification of 
the one-stage method of Owren (53) as described by 
Alexander (54). One ml of platelet-poor plasma was al- 
lowed to clot by addition of 0.2 ml of 0.025 M CaCl.. 
One hour after clotting, serum was obtained by centri- 
fugation at 900 G for 5 minutes. The specific prothrombin 
concentration of the serum obtained was determined and 
considered to be the control value. The lipid to be tested 
was then emulsified by stirring it in 1 ml of platelet-poor 
plasma with a glass rod for 1 minute; this plasma was 
then allowed to clot by addition of 0.2 ml of 0.025 M 
CaCl,. 
obtained, and the specific prothrombin concentration was 
content of the from 


One hour after clotting the serum was again 
determined. Prothrombin serum 
the untreated plasma and from the various lipid-plasma 
test mixtures was expressed as percentage of the pro- 
thrombin content of the original platelet-poor plasma. 

The normal control thromboplastin generation test of 
Biggs and Douglas. (52) was carried out with platelets, 
aluminum hydroxide-treated plasma, and serum obtained 
from the blood of normal volunteers. The test was then 
performed omitting the normal platelet suspension, and 
this was considered to be the “test control.” The tests of 
lipids were then performed, without the normal platelet 
suspension, and with the lipid to be tested emulsified 
with a glass stirring rod for 1 minute in aluminum hy- 
droxide-treated plasma. The remainder of the test pro- 
cedure was as outlined by Biggs and Douglas. 


RESULTS 
A, Lipid analyses of normal platelets and red 


cells. Table I the of the 


analyses of the lipids extracted from normal hu- 


summarizes results 
man platelets and from normal human red cells. 
The amount of each phospholipid was calculated 
from its analytical phosphorus content, assuming 
the phosphorus content of the lipids to be 3.7 per 
cent. The platelet lipid analyses were performed 
10 times on platelets from 10 different normal sub- 


jects. The red cell lipid analyses were carried out 
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TABLE I 


Average composition of total cell lipid 
Red blood 
cell Platelet 

% 
Cholesterol : 19 
Phosphatidy! ethanolamine 
Phosphatidy]! serine 
Lecithin 
Sphingomyelin 
Inositol phosphatide 
Other lipids 


more than 20 times ; detailed results of these analy- 
ses have been published elsewhere (48). 

The similarity in composition of the lipids of 
the red cells and of the platelets is apparent. The 
proportion of phospholipid in each case is just less 
than 70 per cent of the total lipids. The red cell 
lipids contain significantly more phosphatidyl se- 
rine, and less lecithin, than do the platelet lipids. 
The lipids grouped into “others” include a small 
amount of lyso-lecithin, glycolipids, traces of free 
fatty acids, neutral fats, and cholesterol esters. 

The lipids of human plasma have been studied 
employing similar techniques, and will be re- 
ported elsewhere (55). We have been unable to 
identify any phosphatidyl! serine in fasting normal 
human plasma that had been gathered with care 
to avoid red cell and platelet lysis while being ren- 
dered cell- and platelet-free. Efforts to demon- 
strate phosphatidyl serine in such plasma have in- 
cluded in vivo P**-labeling of the plasma lipids, and 
concentration of lipids from large volumes of 
plasma. 

Figure | is an autoradiograph of the chromato- 
graphically separated phospholipids from the plate- 
lets of a patient given P**. Figure 2 is a photo- 
graph of the chromatographic separation of the 
lipid extracted from normal red cells and from 
normal platelets. The chromatographically pure 
compounds present in the chromatograms in Fig- 
ure 2 were obtained as described in Methods. 

Approximately 1 mg of lipid was consistently 
obtained from the platelets present in 10 ml sam- 
ples of normal whole blood. This is approximately 
seven times the quantity found by Marcus and 
Spaet (39). This difference can best be attributed 
to differences in techniques of collecting and proc- 
essing the platelets. By performing platelet counts 
(49) on the whole blood and on the platelet-rich 


PHOSPHATIDYL ETHANOLAMINE 


PHOSPHATIDYL SERINE 


LECITHIN 


SPHINGOMYELIN 


| INOSITOL PHOSPHATIDE 


Fic. 1. SEGMENT OF AUTORADIOGRAM OF CHROMATO- 
GRAPHICALLY PLATELET The 
platelets were labeled in vivo by administration of 5 mc of 
The blood 


from which the platelet lipid was extracted was with- 


SEPARATED PHOSPHOLIPID. 


P* to an adult male with polycythemia vera. 


drawn seven days after the P® administration; 500 ug of 
lipid was applied to the chromatogram. 


plasma obtained from that whole blood, it was evi- 
dent that approximately 80 per cent of the platelets 
initially present in the whole blood were obtained 
for the lipid extraction and analysis. Thus, ap- 
proximately 1.25 mg of platelet lipid is actually 
present in 10 ml of whole blood. By comparison, 
the red cells of 10 ml of normal whole blood con- 
tain approximately 26 mg of lipid. 

B. In vitro effect of lipids on coagulation. 
ure 3 summarizes the results of a typical series of 


Fig- 
in vitro coagulation experiments. The serum de- 
rived from the clotting of platelet-poor plasma 
without added lipid contained 90 per cent of the 
initially present in the 
Plasma to which 5 yg of complete platelet or red 


prothrombin plasma. 
cell lipid had been added yielded serum contain- 
ing less than 15 per cent of the plasma prothrom- 
bin. The clotting of platelet-rich plasma also 
yielded serum containing about 15 per cent of the 
prothrombin initially present in the plasma. Add- 
ing 5 yg of phosphatidyl serine to platelet-poor 
plasma resulted in serum containing only small 
amounts of prothrombin. The platelets present in 
1 ml of normal whole blood contain approximately 


5 wg of phosphatidyl serine. No other single lipid 
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Fic. 2. 


chromatogram is at the top of the paper. 


pounds labeled as pure are chromatographically pure. 


CHROMATOGRAPHIC SEPARATION OF PHOSPHOLIPIDS. 


The front of the 


Staining is with rhodamine 6G. Com- 


The spot identified as 


phosphatidic acids is a mixture of polyglycerophosphatides, which include phos- 


phatidic acids. 


produced an equivalent consumption of prothrom- 
bin, even when added to the test system in amounts 
approximating or exceeding their representation 
in vivo. Lipid compounds not listed in Figure 3, 
such as cholesterol and inositol phosphatide, failed 
to result in any prothrombin consumption in this 
test system. 

Figure 4 illustrates typical tests of combinations 
of lipids which, when tested individually, were 


LIPID ADDED) =. g/L. 


PLASMA 
NONE ° 


TOTAL EXTRACT 


PHOSPHATIDYL 
SERINE . 


PHOSPHATIDYL 
ETHANOLAMINE 25. 


LECITHIN 25. 


SPHINGOMYELIN 259 





10 20 30 40 50 60 70 80 90 
PROTHROMBIN CONCENTRATION 
(PER CENT) 


100 


Fic. 3. The se- 
rum was obtained one hour after the clotting of a recalci- 
fied mixture of platelet-poor plasma and the indicated 


SERUM PROTHROMBIN CONCENTRATION. 


lipid. 


either inactive or less active than when combined 
with other lipids as indicated. All possible com- 
hinations of the six major lipid compounds isolated 
were tested, employing a wide quantitative range 
both above and below the normal im vivo concen- 
trations of these materials in the platelets of whole 
blood. Results similar to those illustrated in Fig- 
ures 3 and 4 were obtained when lipids isolated 
from multiple samples of either platelets or red 
cells were tested. For example, when three sepa- 
rate highly purified samples of phosphatidyl serine 
derived from different lipid extracts were tested 
for their ability to influence prothrombin consump- 
tion, the range of residual serum prothrombin was 
from 5 to 17 per cent. The residual serum pro- 
thrombin in simultaneous tests of all other platelet 
phospholipids invariably exceeded 70 per cent. 

It is noteworthy that the combination of phos- 
phatidyl serine and lecithin, each in concentrations 
ineffective singly, when combined, equaled the ac- 
tivity of 5 pg of the complete lipid (Figure 3). 
The quantities of phosphatidyl serine and lecithin 
listed in Figure 4 are those amounts present in 5 pg 
of complete platelet lipid extract. Thus, it is pos- 
sible that the activity of the complete platelet lipid 


can be explained by its content of phosphatidyl se- 


rine and lecithin alone. 
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Phosphatidyl ethanolamine and sphingomyelin, 
each found to be inactive alone, clearly enhanced 
prothrombin consumption when they were com- 
bined. The amounts of these two lipids present in 
5 pg of complete platelet lipid, when tested to- 
gether, showed only minimal activity. Phos- 
phatidyl ethanolamine and lecithin also exhibited 
some activity when combined, but this was less 
than the activity of the combination of phosphatidyl] 
ethanolamine and sphingomyelin. No other lipid 
combinations demonstrated any activity in this 
test system. 

The coagulant activity of the lipids was also as- 
sessed, employing our modification of the thrombo- 
plastin generation test. Figure 5 illustrates repre- 
sentative results. The control generating mixture 
contained no lipid in the Al(OH ),-treated plasma. 

Maximal activity was produced by the phospha- 
tidy] serine-lecithin mixture. The amount of each 
lipid used was equivalent to that present in 2 yg 
of complete platelet lipid. It was repeatedly dem- 
onstrated that phosphatidyl serine alone, of all the 
individual lipids, would result in thromboplastic 
activity when added to the generating mixture. 
Phosphatidyl ethanolamine failed to perform in a 
manner significantly different from the lipid-free 
control in all instances. 

Lipids obtained from red cells and_ platelets 
were chemically modified in several ways and 
their effect on prothrombin consumption was sub- 
sequently tested. The alterations produced in 
separate lipid samples were: /) saturation of the 


THROMBOPLASTIN ACTIVITY 





Lipip appeD Mg sm. 
PLASMA 


NONE 0 
PHOSPHATIDYL 05 
SERINE 

LECITHIN 10 


PHOSPHATIDYL 7) 
ETHANOLAMINE 
& SPHINGOMYELIN 075 


PHOSPHATIDYL 5.0 
ETHANOLAMINE & ~" 
LECITHIN 5.0 





10 20 30 40 50 60 70 80 90 100 


PROTHROMBIN CONCENTRATION 
(PER CENT) 


The se- 


Fic. 4. 
rum was obtained one hour after the clotting of a re- 


SERUM PROTHROMBIN CONCENTRATION. 


calcified mixture of platelet-poor plasma and the indi- 
cated lipid combinations. 


double bonds with hydrogen, 2) hydroxylation and 
epoxylation of the fatty acid double bonds, and 3) 
acylation of the free amino groups. Each of these 
changes rendered the lipids inactive in these test 
systems, while the unmodified lipids produced 
great activity when equivalent amounts were tested. 

Several synthetic phospholipids were also tested.® 
These were: 7) phosphatidyl seryl glycyl glycine, 
an analog of phosphatidyl serine, in which two 
molecules of glycine are present in a peptide link- 
age at the usual position of the single serine mole- 
cule; 2) dioleyl phosphatidyl ethanolamine, in 
which both fatty acid groups are oleic acid; and 3) 

> Provided by Dr. E. Baer, Department of Biochemistry 
University of Toronto, Canada. 


AL EXTRACT 
TOTAL Ex i 
PHOSPHATIDYL 


SERINE 0.2 LU 
w @ LECITHIN 9 


4g 


PLATELET RICH 


_ SE a PHOSPHATIDYL 
rs *~ ETHANOL AMINE 
-WvV 5 Ug 


--vV- 





- - 
PLATELET FREE 
6 8 


TIME IN MINUTES 


Fic. 5. THROMBOPLASTIN 
of Biggs and Douglas (52). 
usual platelet suspension. 


GENERATION. 


The test was modified from that 


The indicated lipids were substituted for the 
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distearyl phosphatidyl ethanolamine, in which 
hoth fatty acids are stearic acid. None of the syn- 
thetic lipids displayed any activity in this test 
system. 

DISCUSSION 

The observations reported here confirm the pres- 
ence of a variety of phosphatides including phos- 
phatidyl ethanolamine, phosphatidyl serine, leci- 
thin, sphingomyelin, and inositol phosphatide in 
human platelets. Cholesterol constitutes a sig- 
nificant portion of the platelet lipids, but only a 
very small amount is present as cholesterol ester, 
free fatty acids, neutral fat, or lysolecithin. 

Of particular interest is the presence in platelets 
of phosphatidyl serine, which appears to be uniquely 
a cellular phospholipid. It has not been possible to 
identify phosphatidyl serine by any method in 
normal human plasma gathered with care to avoid 
platelet or red cell lysis. Studies utilizing isotopic 
labeled lipids (55) have also been unable to detect 
phosphatidyl serine in cell-free plasma. Phos- 
phatidyl ethanolamine, however, and each of the 
other cellular lipids, can be identified in normal 
cell-free human plasma. Axelrod, Reichenthal 
and Brodie (56) have reported small amounts of 
phosphatidyl serine in two samples of human 
plasma, but they did not indicate whether the 
plasma samples were first rendered cell- and plate- 
let-free. 

At least 100 yg of platelet lipid is present in 1 
ml of normal human whole blood. Five pg of 
platelet lipid furnishes, im vitro, sufficient coagu- 
lant activity to generate maximally the thrombo- 
plastin in 2.0 ml of reaction mixture (52) or to ac- 
tivate the prothrombin in 1 ml of platelet-poor 
plasma. It thus seems likely that there is normally 
an excess of both plasma and platelet coagulant 
factors. 

Although there has been general agreement that 
the platelet contribution to coagulation is at least 
partly phospholipid in nature (30-33, 35, 36, 39- 
42, 44, 45), there has been no unanimity of opin- 
ion as to whether this is a single lipid compound 
The data presented here suggest that one 
phospholipid, phosphatidyl serine, is the most po- 
tent phospholipid in the coagulation process. The 
activity it possesses is potentiated by, but is not de- 
pendent upon, lecithin. Thus, the same activity 
attributed to 5 wg of complete platelet lipid in the 


(35). 
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prothrombin consumption or thromboplastin gen- 
eration tests can be achieved by the use of a com- 
bination of phosphatidyl serine and lecithin only, 
equal to the amounts in the 5 wg of the complete 
lipid. None of the other lipids, singly or in com- 
bination as they are represented in the complete 
lipid extract, demonstrated equivalent activity. 
The potentiation by lecithin of the coagulant effect 
of phosphatidyl serine has been reported by others 
(34, 37-39). The data presented here, however, 
differ from those reported by Therriault, Nichols 
and Jensen (37, 38). They demonstrated a co- 
agulant effect of phosphatidyl serine and lecithin, 
but demonstrated no coagulant effect for phospha- 
tidyl serine alone. 

Phosphatidyl ethanolamine and sphingomyelin, 
and to a lesser degree, phosphatidyl ethanolamine 
and lecithin, potentiate the clotting mechanism as 
measured in our test systems but require concen- 
trations that greatly exceed those found in normal 
human platelets. 

The similarity in lipid content of human plate- 
lets and red blood cells was shown in Table I. 
Similarity in coagulant activity of the lipids was 
also shown. Equal amounts of the complete lipid, 
extracted from red cells or from platelets, demon- 
strated equivalent activity in both the prothrombin 
consumption and thromboplastin generation tests. 
The separated lipids from platelets and red cells 
also behaved similarly in the clotting tests. These 
data cannot be construed, however, as evidence 
for the identity of chemical composition of the 
lipids obtained from platelets and from red cells. 

The red cells of 1 ml of whole blood contain 
enough lipid to activate the prothrombin of at 
least 1,500 ml of normal plasma. Although it is 
unlikely that all of this lipid in the red cells be- 
comes available for thromboplastin formation upon 
intravascular erythrocyte destruction, it is possible 
that the lipid liberated by intravascular hemolysis 
may be related to the bleeding (57) and clotting 
(19, 58-61) disorders that frequently accompany 
such processes. 

The chemical characteristics that endow certain 
of the phospholipids with coagulant activity and 
deprive other phospholipids of this activity are not 
known. The importance of unsaturation in active 
lipids was first noted by Howell (3). McLean 
(25) correlated the coagulant activity of lipids 
with their degree of unsaturation. This concept 





THROMBOPLASTIC FACTORS IN PLATELETS AND RED BLOOD CELLS 


has been emphasized more recently by Rouser, 
White and Schloredt (40, 41) who also empha- 
sized the importance of a free amino group on the 
Our data suggest that 


coagulant phospholipids. 
the degree of unsaturation alone is inadequate to 
explain the coagulant activity of the active phos- 


pholipids. When the active phospholipid com- 
pounds were saturated with hydrogen without al- 
tering free amino groups, all coagulant activity dis- 
appeared. The saturated phospholipids are less 
soluble than the unsaturated phospholipids, and 
it might be reasoned that the loss of coagulant ac- 
tivity is associated with phospholipid insolubility. 
However, acylation of the free amino groups, 
without altering the unsaturation, also completely 
destroyed the coagulant effect of previously active 
phospholipids. Acylation, it should be noted, does 
not alter the phospholipid solubility. Thus, solu- 
bility alone would not seem an adequate explana- 
tion for differences in phospholipid coagulant 
activity. The failure of the synthetic phosphatides 
tested to demonstrate coagulant activity is also 
unexplained. 

A number of investigators have utilized non- 
polar solvents to combine various phosphatides 1m 
vitro (34, 37, 38). We have not found it neces- 
sary to employ a nonpolar solvent to produce ef- 
fective combinations of lecithin and phosphatidyl 
serine. The potentiating effect of lecithin occurs 
if the phosphatides are combined and emulsified in 
normal saline or in plasma. The phospholipids 
used by some of these workers (34, 37, 38) were 
obtained from animal brains. The phospholipids 
used in our experiments were obtained from hu- 
man platelets and red cells, and it is possible that 
species differences account for some of the dif- 
ferences in findings. The observations reported 
here are difficult to reconcile with those reported 
earlier (30-33, 40-43), in which a coagulant role 
has been assigned to phosphatidyl ethanolamine 
and an anticoagulant effect to phosphatidyl serine. 

Species differences in chemical composition of 
It seems wise to 
compare results with this in mind. Within the 
same species, tissue differences in chemical com- 
position of the phospholipids may also occur. We 
have felt that the phospholipids derived from blood 
cells and platelets offered the best material for such 
studies. The methods of separating and purifying 
the phospholipids in such studies are of great 


the phospholipids may exist. 
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importance. Lecause of the powerful coagulant 
effect of the active lipid materials, the Folch frac- 
tionation technique (29) seems inadequate for lipid 
separation for these purposes. Paper chromato- 
graphic techniques seem to offer the best methods 
currently available for resolving phospholipid mix- 
tures. Even with these methods, contamination 
of one phospholipid with amounts of another suffi- 
cient to obscure results in coagulation tests may oc- 
cur. For example, contamination of less than 3 
per cent of phosphatidyl serine in a phosphatidyl] 
ethanolamine preparation may not be detectable 
by chromatographic techniques. If 20 yg of such a 
contaminated phosphatidyl ethanolamine prepara- 
tion is then tested for its coagulant effect, sufficient 
phosphatidyl serine will be present to yield sub- 
stantial coagulant activity. 

Finally, methods of testing the various phos- 
pholipids for this coagulant effect are of great 
importance. It is well established that an ex- 
cess of phospholipid can interfere with an early 
phase of coagulation (28, 45). Accordingly, it 
would seem wise to test these phospholipids im 
vitro within the range of their probable physio- 


logical representation. 


SUMMARY AND CONCLUSIONS 


1. The phospholipids of human platelets have 
been identified and measured, utilizing a refined 
chromatographic technique. Platelet phospho- 
lipids were found to be very similar to the phos- 
pholipids of human red cells. 

2. Within the limits of resolution of the chro- 
matographic system, it is clear that only one phos- 
pholipid, phosphatidyl serine, which is present in 
both platelet and red cells, but not in plasma, was 
able to substitute for the whole platelet lipid ex- 
tract in the two in vitro coagulation systems used 
in these studies. 

3. The coagulant activity of phosphatidyl serine 
was enhanced by the presence of lecithin. 

4. Phosphatidyl ethanolamine, inactive alone in 
the test system employed, displayed some coagu- 
lant activity when combined with lecithin, and a 
lesser activity when combined with sphingomyelin. 

5. The coagulant activity of the complete plate- 
let lipid extract could be reproduced by employing 
only the amounts of phosphatidyl serine and leci- 
thin contained in the whole lipid extract. 
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The blood of mammalian species contains a com- 
ponent which inactivates endotoxins in vitro (1). 
This endotoxin-detoxifying component (EDC) is 
identified by attributes which distinguish it from 
other substances in blood of known biologic ac- 
tivity (2, 3). Following appropriate interaction 
in vitro with this component, endotoxins from 
gram-negative bacteria are so altered that they no 
longer elicit such characteristic host reactions as 
the production of antibody (4), tumor damage, 
local skin reactivity and fatal shock. Bacterial 
endotoxins elicit the same host reactions which are 
evoked by the intact gram-negative bacilli from 
which they are isolated (5). It was therefore ex- 
pected that the endotoxin in its native state on 
the bacterial surface would also be susceptible to 
inactivation by an agent with the distinctive prop- 
erties of EDC. 

This communication records the results of ex- 
periments which show that, by appropriate inter- 
action in vitro with serum, it is possible to eliminate 
characteristic host-reactive properties of a typical 
gram-negative species. In the course of these 
studies with Salmonella typhosa, EDC was found 
to inactivate the endotoxin of bacilli which had 
been killed by heat or by chemical means, but not 
that in viable organisms; however, in the latter 
the endotoxin was inactivated by the serum bac- 
tericidal system consisting of antibody and comple- 
ment. It is thus evident that two humoral mecha- 
nisms can function to inactivate the endotoxic 
properties of intact gram-negative bacilli. 


MATERIALS AND METHODS 


Collection of serum. Pooled serum specimens were pre- 
pared from the blood (10 or more individual donors) of 
mice, guinea pigs and rats. In some experiments hu- 
man serum, pooled from 100 or more individuals, was 
employed. In other instances, animal and human serum 
samples were individual specimens. All serum samples 


* Present address: Children’s Hospital, Boston, Mass. 


were stored at — 20° C in sealed glass ampoules. Plasma 
was obtained from blood collected in heparin, sodium 
citrate or ACD solution,! and by passage of blood through 
a Fenwal ion exchange pack; the latter is referred to as 
“resin-treated” plasma. 

Preparation of complement reagents. The reagents 
were prepared by standard methods (6) and each was 
checked for absence of hemolytic and/or bactericidal ac- 
tivity. Human serum was made deficient in the first com- 
ponent of complement (C’l) by dialysis against acetate 
buffer (pH 5.5, « = 0.02) for 48 hours at 4° C. The se- 
rum was then centrifuged, and the supernatant fluid was 
adjusted to the desired pH and ionic strength with NaOH 
and NaCl. This reagent, deficient in C’l, is referred to 
as R1. 

The precipitate obtained in this way (by dialysis and 
centrifugation) was washed twice with the dialyzing buf- 
fer and taken up in saline to original volume. This rea- 
gent is deficient in the second component of complement 
(C’'2) and is referred to as R2. 

Human serum was made deficient in the third com- 
ponent of complement (C’3) by incubation for 1 hour at 
37° C with zymosan (Fleischmann; 2 mg per ml serum). 
This reagent is referred to as R3. 

The fourth component of complement (C’4) was in- 
activated by incubation of human serum containing 0.025 
M hydrazine for 1 hour at 37° C. The product, deficient 
in C’4, is referred to as R4. 

Sera which had been heated for one-half hour in 
a water bath at 52° or 56° C are designated 52° C-serum 
and 56° C-serum. 

Human serum, deficient in properdin (RP), was pre- 
pared by incubation with zymosan (Fleischmann; 2 mg 
per ml) for one hour at 17° C (7). This reagent retained 
the full hemolytic activity of the serum; its bactericidal 
activity against S. typhosa 0901 was also fully retained. 

Assay of serum bactericidal activity. The bactericidal 
activity of serum and of the serum reagents was deter- 
mined by adding the standard number of test organisms 
to dilutions of the material to be assayed. The mixtures 
were incubated for 1 hour at 37° C, serial decimal dilu- 
tions were then made, and aliquots of each were plated 
in duplicate on meat extract agar, to ascertain the num- 
ber of viable organisms remaining in the reaction mixture. 

Preparation of bacterial suspensions. Meat extract 


1 Twenty-two g trisodium citrate, 8 g citric acid, and 
25 g dextrose per L of water; 15 ml of this solution was 
added to each 100 ml of whole blood. 
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agar plates were inoculated with S. typhosa 0901 and in- 
cubated at 37° C for 18 hours. The growth was har- 
vested in saline and seeded heavily on the surface of 
veal-infusion agar plates. Following incubation for 5 
hours at 37° C the bacteria, in the log phase of growth, 
were again harvested in saline. The optical density of 
appropriate dilutions of this harvest was read in a Klett- 
Summerson photometer and an estimate of the concen- 
trations of viable organisms was made by plotting photo- 
metric readings on a standard curve of optical density 
vs. viable count. Serial dilutions of the suspension were 
plated out on meat extract agar to verify, by viable count, 
the bacterial concentration estimated by photometry. 

Suspensions of killed organisms were prepared by 
heating aliquots of the S. typhosa suspension in a water 
bath at 56° C for 1 hour in stoppered tubes or by incu- 
bating the suspension at 37° C for 2 hours with merthio- 
late in a final concentration of 0.1 per cent. 

Interaction of serum and S. typhosa. For determination 
of capacity of serum to inactivate the endotoxin of S. 
typhosa, various dilutions of serum were incubated for 
1 hour at 37° C with a standard number of organisms. 
Quantities of reactants employed were such as would pro- 
vide sufficient material for subsequent test in animals; in 
these tests each mouse routinely received 6 X 10° organ- 
isms. One ml of a suspension containing 6 X 10° organ- 
isms per ml, enough for test in 10 mice, was incubated 
with 2 ml of the desired dilution of serum. After incu- 
bation the volume was made up to 5 ml with sterile saline; 
each mouse received 0.5 ml of the reaction mixture, i.e., 
6 X 10° organisms. 

The variable in these tests was the dilution of serum 
(or serum reagent) incubated with a constant number of 
bacilli. Although the procedure outlined above is given 
in terms of the quantity required for a group of 10 mice, 
the data presented in this report are presented in terms 
of the quantity administered per mouse. 

Assay of endotoxic potency of typhoid bacilli and its 
inactivation by serum. Sarcoma 37 was implanted into 
the thigh muscle of young CAF, mice (2 to 3 months old) ; 
0.05 ml of a tumor mash was the amount injected. Six 
days later, 200 mice bearing such implants were randomly 
distributed into groups of 10 each. Each set of bioassays 
included two control groups: the first consisted of 10 un- 
treated mice, to disclose the extent of spontaneous hemor- 
rhage or necrosis in the tumors of the set; the second 
one consisted of 10 mice which had been given the stand- 
ard dose of 6 X 10° typhoid bacilli for estimation of the 
level of responsiveness of the set of tumors to endotoxin 
(8). This number of organisms (6 X 10°) was sufficient 
to induce marked hemorrhage and necrosis in the tu- 
mors within 24 hours, but it was small enough to permit 
the diminution or elimination of this endotoxic activity 
to be readily detected. The mice were injected intra- 
peritoneally with 0.5 ml aliquots of the test mixtures 
described above. On the following day the animals were 
sacrificed and the tumors bisected and examined for in- 
duced tumor damage. The experimental groups were 
scored on the basis of comparison with the two control 
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groups. When no tumor damage was evident it was ob- 
vious that the bacterial endotoxin had been inactivated. 
Intermediate degrees of tumor damage showed that 
partial inactivation had occurred. When tumor damage 
was equal in severity to that in the control group given 
untreated bacteria, no significant inactivation of the bac- 
terial endotoxin had occurred. 

Assay of antigenicity in rabbits. The effect of serum 
reagents on the antigenicity of S. typhosa 0901 was deter- 
mined by incubation of the reagents with the standard 
dose (10 X 10° organisms) for 1 hour at 37° C. The 
number of bacilli and the test conditions were the same 
for experiments with either killed or viable organisms. 
Amounts of reactants were chosen to be sufficient for test 
in groups of rabbits (5 animals per group). After in- 
cubation, each mixture was diluted with an appropriate 
amount of saline so that each animal received intra- 
venously 10 < 10° serum-reacted bacilli in a volume of 
2.0 ml. Each experiment included a control group of 
rabbits given the same dose of bacilli incubated in saline. 
Rabbits of a single breed (New Zealand albino females, 
weighing 2 to 2.5 kg) from a single source (National In- 
stitutes of Health animal unit) were employed through- 
out. Six days after the single intravenous immunizing 
injection the animals were bled and the typhoid O ag- 
glutinin titers of the sera were determined. For the ag- 
glutination tests, equal volumes of serial twofold dilutions 
of rabbit serum and a suspension of heat-killed S. typhosa 
0901 (1 x 10° organisms per ml) were incubated for 18 
hours at 52° C. Agglutination was read macroscopically, 
and the highest serum dilution in which agglutination was 
clearly visible was recorded as the titer. 


RESULTS 


The choice of a host indicator reaction for the 
assay of endotoxic potency is of prime importance 
in determining whether the endotoxin of intact 
bacilli is altered by agents in normal blood. Our 
previous work on the inactivation of purified endo- 
toxin by EDC indicated that the most sensitive and 
consistent evidence of alterations in endotoxin was 
provided by indicator systems such as the induction 
of hemorrhagic necrosis in sarcoma implants of 
mice and the production of antibody in rabbits. 
Accordingly, these were the methods of choice for 
the present work. The basic observations on the 
detoxification of intact bacilli, which constitute the 
first part of this experimental section, were made 
with the use of the tumor damage assay. Then 
the requirements for such a detoxifying effect were 
further substantiated by determining changes in 


the antigenic properties of these bacilli. 
Induction of tumor damage by heat-killed bacilli. 
Typhoid bacilli, killed by exposure to 56° C for 60 
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TABLE I 





Inactivation of purified endotoxin and killed bacilli by human plasria: Suppression of the effect by calcium ion 





Human plasma 


Endotoxin 


Induced 
tumor 
damage* 


Inactiva- 
tion of 
endotoxin 





ml 


0.1 
ACD pooled 0.05 
0.025 


ACD pooled recalcifiedt 0.1 
none 


0.1 
0.05 
0.025 
ACD pooled recalcifiedt 0.1 
none 


ACD pooled 


lipopolysaccharide 


0/10 
0/10 
2/10 
9/10 
10/10 


0/10 
2/10 


complete 
complete 
complete 
none 
none 


5 ug 
S. typhosa 


complete 
complete 
partial 
none 
none 


1 X 10° 


heat-killed 5/9 
10/10 
10/10 


S. typhosa 





* Number of mice with damaged tumors/total number of mice tested. 


t Catt 2.5 X 10°? M. 


minutes, were found to induce tumor damage in 
a manner qualitatively indistinguishable from that 
of the endotoxin isolated from the same organisms. 
The minimal number of bacilli which induced sig- 
nificant hemorrhagic necrosis in the sarcoma im- 
plants was in the order of 30 million organisms, 
but 60 or 100 million organisms were routinely 
employed to assure the consistent and uniform in- 
duction of tumor damage of appropriate severity. 

Inactivation of heat-killed bacilli. Incubation of 
heat-killed bacilli with citrated human plasma 
rendered these organisms inactive as tumor-dam- 
aging agents. Matched specimens of serum and 
plasma from a single donor were titrated for their 
inactivating potency. It was found that serum and 
heparinized plasma had little effect on the tumor- 
damaging activity of the killed bacilli, whereas 
citrated and resin-treated plasma were highly po- 
tent. These experiments indicated that divalent 
cation suppressed the effect of this agent in the 
blood. Evidence that isolated endotoxin and heat- 
killed bacilli are inactivated by the same agent is 
presented in Table I. The conditions of time and 
temperature required to inactivate the bacilli were 
similar to those previously established for the al- 
teration of isolated endotoxin by EDC. Further- 
more, in both instances, inactivation failed to take 
place when the reactants were administered sepa- 
rately or were merely admixed and injected with- 
out any incubation. Experiments with typhoid 
bacilli, which had been killed with merthiolate, 
gave identical results. These data show that the 
endotoxin of killed typhoid bacilli is inactivated by 


an agent in blood which, like EDC, can be sup- 
pressed by divalent cation. 

Induction of tumor damage by viable bacilli. 
The tumor-damaging potency of aliquots of a 
harvest of S. typhosa were titrated; it was found 
that 15 million viable organisms produced sig- 
nificant tumor damage, whereas 30 million of the 
heat-killed bacilli were required for the same ef- 
fect. To assure a uniformly high degree of hemor- 
rhagic necrosis the quantity of viable organisms 
routinely employed for induction of tumor dam- 
age was increased to 60 million. As will be 
brought out later in this report, no significant 
multiplication of these organisms occurs in the 
peritoneal cavity during a period of at least four 
hours after injection. Moreover, pretreatment of 
the mice with chloramphenicol did not affect the 
induction of tumor damage by 60 million organ- 
isms. These findings indicate that the observed 
tumor damage was evoked primarily by the num- 
ber of bacteria which were injected and was not 
the result of further bacterial growth in the mouse 
peritoneal cavity. 

Inactivation of viable bacilli. Pilot experiments 
in which viable bacilli were incubated with human 
serum or plasma showed that the tumor-damaging 
effect of these bacilli could be eliminated by se- 
rum. * However, it soon became evident that this 
effect was not correlated with EDC activity. For 
example, human serum, to which calcium was 
added to suppress EDC activity, was still effective 
in eliminating the tumor-damaging activity of the 
organisms. Guinea pig serum, which likewise man- 





HUMORAL INACTIVATION OF ENDOTOXIN IN VIABLE AND KILLED TYPHOID BACILLI 


ifested no EDC activity, was equally potent. On 
the other hand mouse citrated plasma with good 
EDC activity was without effect on the endotoxin 
of viable bacilli. The findings presented in Table 
II emphasize that the requirements for the inacti- 
vation of viable bacilli are quite different from 
those for the inactivation of bacilli killed by heat. 

Serum bactericidal activity and inactivation of 
viable bacilli. Specimens of fresh serum from 
eight animal species were interacted with viable 
S. typhosa to determine whether they were capable 
of abolishing tumor-damaging activity. With the 
exception of mouse serum, sera of all species were 
effective. This conspicuous lack of effect of mouse 
serum (9) on the tumor-damaging potency of 
viable organisms provided the first indication that 
only serum with bactericidal activity was capable 
of bringing about this change. Rabbit serum was 
the least potent, followed by horse, rat, sheep, dog, 
guinea pig and human sera, in increasing order of 
potency. Guinea pig and human sera consistently 
exhibited the most pronounced effect. The fact 
that many of these sera had previously been shown 
to lack EDC activity was further evidence that 
another agent was involved in the inactivation of 
viable bacilli. 

These sera were examined for their in vitro bac- 
tericidal activity against the test organism. Al- 
though a precise correlation was not established, 
the in vitro bactericidal potency and the capability 
of these sera to inactivate the endotoxic effects of 
viable typhoid bacilli were comparable. Human 
and guinea pig sera were the most potent in both 
situations whereas rabbit serum was the least 
effective. 

TABLE II 


Evidence for the involvement of different systems in the 
inactivation of viable and killed typhoid bacilli 








Effect on tumor-damaging 
capacity of S. typhosa 
suspensions* 





6 X 107 heat- 
killed cells 


Products interacted with 


6 X 107 viable 
typhoid bacilli 1 


cells 





Guinea pig serum none inactivated 


Mouse citrated plasma 
(sodium citrate 2 X 107? M) 


Human serum with added 
Catt (2.7 X 10-2 M) 


Human resin-treated plasma 


inactivated none 


none inactivated 


inactivated inactivated 





. Py iy from a common harvest; 1 aliquot was heated 


at 56° C for 1 hour. 


TABLE III 


Bactericidal action of normal human serum on S. typhosa 
0901: Requirements for the effect 


Viable 
count 
x 10° 








Serum reagent tested* 





Fresh human serum 
Fresh human serum 
Fresh human serum 


untreated 0.0018 
absorbed with S. typhit 8.4 
absorbed with S. typhi,f 

antibodyt added 0.0038 
Fresh humanserum absorbed with Serr. 

: marcescenst 0.0038 

chelated (EDTA) ? 
A 56°C, 4 hr 
(dialysis) 
(A 52°C, 2:-hr) 
(zymosan, 37° C) 
(hydrazine) 
(zymosan, 17° C) 
(saline) 


Fresh human serum 
Fresh human serum 


ae 
OD 0 tn oo ms 


mMESnoanocon 
bo 
w 


Control 





* Two-tenths ml of each of these reagents was incubated 
for 1 hour at 37° C, with 10 X 10° S. typhosa. 

¢ One ml of human serum was absorbed with 0.1 ml of 
packed, washed, heat-killed organisms for 3 hours at 4° C. 

t One-tenth ml of a 1:10,000 dilution of rabbit anti- 
serum to typhoid endotoxin (220 ug antibody nitrogen per 
ml) added to the absorbed serum. 

§ R2 prepared by dialysis yielded similar results. 


Requirements for bactericidal action of human 
serum on S. typhosa 0901. Experiments were con- 
ducted to determine the components in normal 
human serum required for bactericidal action 
against S. typhosa 0901. As is seen in Table III, 
all of the four recognized components of comple- 
ment, plus divalent cation and specific antibody 
are needed, but properdin is not required. The 
inactivation or removal of any one of these six 
components of the system resulted in loss of bac- 
tericidal activity. It is noteworthy that normal 
human serum without typhoid antibody, demon- 
strable by either bacterial or hemagglutination 
procedures, was nonetheless highly active in the 
killing of bacteria. However, absorption of such 
sera with the test organism resulted in complete 
loss of bactericidal activity. This activity was 
fully restored upon the addition of an impressively 
small amount of rabbit antityphoid serum (0.002 
pg antibody nitrogen). This observation was not 
limited to human serum but was also true of guinea 
pig and sheep sera which were tested in this re- 
gard. Therefore, the amount of antibody pres- 
ent in normal serum could be exceedingly small, 
indeed undetectable by available methods, and yet 
suffice for this reaction. 

Effect of complement-deficient serum reagents 
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TABLE IV 


Capacity of various complement reagents to eliminate the 
induction of tumor damage by viable bacilli 








Inactiva- 
tion of 
endo- 
toxin 


Induced 
tumor 
damaget 


Dilution 
employed 
(0.2 ml) 


Serum reagents* Endotoxin 








Normal human 

serum 216 
R1 716 6X 10' 
R2t = viable 
R3 $ S. typhosa 
R4 716 
RP 216 
Controls (saline) 


2/10 
1/10 
9/9 
8/8 
1/10 
2/10 

10/10 


complete 
complete 
none 
none 
complete 
complete 
none 





* These reagents were incubated with the test organisms 
for 1 hour at 37° C prior to injection. 

t Number of mice with damaged tumors/total number of 
mice tested. 

t Prepared by dialysis. 


in vivo. It was found that serum rendered de- 
ficient in one or another of the components of com- 
plement, and thus no longer bactericidal, was still 
capable of inactivating the tumor-damaging ca- 
pacity of the organisms following intraperitoneal 
injection into mice (Table IV). R1 and R4 were 
as effective as whole serum in their ability to in- 
activate the tumor-damaging potency of the viable 
bacilli. On the other hand, R2 and R3 no longer 
exhibited any activity in this regard, and serum 
exposed to 56° C for 30 minutes was likewise in- 
effective. However, an R2 prepared by heating 
serum at 52° C for an equal length of time still 
was capable of eliminating tumor-damaging ac- 
tivity of viable organisms. Heating of serum at 


TABLE V 


Ineffectiveness in vitro of heated serum on the 
toxicity of viable bacilli 








Tumor damage inducedt 

in mice by inter- 

action products 
Inacti- 
vation 
Centri- of 
fugedt endo- 
bacteria toxin 





Entire 

inter- 

action 
mixture 


Serum reagents interacted 
with bacteria* 





in vitro 
in vivo 
none 


0/10 
0/10 
8/10 
10/10 


0/10 
8/10 
7/10 
8/10 


Human serum 

Human serum A 52°C, $hr 
Human serum A 56° C, $ hr 
Controls (saline) 





* S. typhosa (6 X 107) incubated with 0.1 ml of serum 
for 1 hour at 37°C. 

t Number of mice with damaged tumors/total number 
of mice tested. 

t Reaction mixtures centrifuged at 30,000 G for 1 hour 
at4°C. For injection, sedimented bacteria were made up 
to initial reaction volume with saline. 


56° C is known to render it completely deficient 
in C’l and C’2, whereas heating at 52° C results in 
complete loss of only C’2 (6). Evidence that these 
complement reagents were producing their effect 
in vivo was obtained in the experiment sum- 
marized in Table V. When the reaction of serum 
and viable organisms was carried out in an in 
vitro environment, neither the reaction mixture nor 
the bacteria removed by centrifugation produced 
tumor damage. On the other hand, incubation of 
organisms in serum rendered nonbactericidal by 
heating at 52° C yielded cells with essentially un- 
diminished endotoxic potency. It is seen from this 
experiment that no loss of capacity to elicit tumor 
damage occurs after incubation of viable bacilli in 
nonbactericidal serum reagents. Thus the ef- 
fectiveness of such reagents as R1, R4 and 52° C- 
heated serum was due to events which occurred 
after injection into the mouse peritoneal cavity. 
Limiting interval for inactivation in vivo of via- 
ble bacilli by serum. It was presumed that the 
effective complement reagents supplemented, and 
thus accelerated, the mouse’s own mechanisms for 
coping with the injected bacteria. It was further 
reasoned that the tumor-damage reaction was fixed 
within a certain time limit. Thus, the presence or 
absence of effect by these various complement re- 
agents would depend upon their ability to produce 
accelerated killing of these organisms in the peri- 
toneal cavity of the mouse. To ascertain the va- 
lidity of this assumption, the following experiment 
was performed. The standard dose of viable 
typhoid bacilli was injected intraperitoneally into 
groups of mice which were then given whole hu- 
man serum intraperitoneally at different intervals, 
ranging from 15 to 120 minutes. These results are 
summarized in Table VI and show that the ad- 
ministration of serum, at any time up to 60 minutes 
after the bacterial injection, completely prevented 
the occurrence of tumor damage, whereas serum 
injected at 90 to 120 minutes did not. Serum ad- 
ministered 30 minutes prior to or at the same time 
as the bacteria was effective. On the other hand, 
serum administered by the intravenous route did 
not prevent the induction of tumor damage by the 
microorganisms. These data show that the vi- 
able bacteria would elicit the characteristic endo- 
toxic reaction in the host, leading to hemorrhagic 
necrosis in the tumor implants, unless these or- 
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ganisms were acted upon and killed within a well 
defined time limit. 

Effect of serum concentration on inactivation of 
viable bacilli in vivo. To determine the minimal 
amount of human serum which was effective in 
eliminating tumor damage, decreasing amounts of 
serum were administered intraperitoneally 15 min- 
utes after mice had been given the standard dose 
of 6 X 10° viable bacilli. The results of this test 
are given in Table VII, in which the effectiveness 
of different dilutions of fresh human serum was 
compared with various dilutions of heated serum. 
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BACTERICIDAL EFFECT OF 52° C—-HUMAN SERUM 
: S. TYPHOSA IN THE MOUSE PERITONEAL CAVITY. 


It is seen that 52° C-heated serum was capable of 
eliminating the reactivity of viable organisms, but 
its potency in this regard was considerably less 
than that of untreated serum. 

Reduction of bacterial populations by serum in 
vivo. Experiments were performed in which the 
bacterial populations in the mouse peritoneal cavity 
were determined at varying intervals after the 
separate administration of serum heated at 52° C. 
Two groups of mice received 6 X 10° S. typhosa 
intraperitoneally ; 15 minutes thereafter the mice 
of one group were given 0.1 ml of serum heated 
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TABLE VI 


Timing of serum administration as a prerequisite for in vivo 
inactivation of viable bacilli 


Interval 
between ip 
injection 
of bacilli 
and serum* 


Inactiva- 
tion of 
endotoxin 


Induced 
tumor 


Endotoxin damaget 


complete 
complete 
complete 
partial 
none 
none 
none 


15 0/10 
2/9 
0/10 
4/10 
8/10 
9/10 
8/9 
8/9 


6 X 10? 
viable 
S. typhosa 


* Two-tenths ml of a 1:2 dilution of normal human serum. 
+ Number of mice with damaged tumors/total number 
of mice tested. 


at 52° C, while each mouse of the other group re- 
ceived an equal volume of saline. Ten mice from 
the experimental or control groups were sacrificed 
at 15, 60, 120 and 240 minutes following this ad- 
ministration of the serum or saline. The peri- 
toneal contents of each of the ten mice were taken 
up in saline and pooled; serial dilutions were 
plated for the determination of the viable bacterial 
count. The results of one such experiment, typi- 
cal of three performed, are shown in Figure 1. 
It was observed consistently that the number of 
bacteria in the peritoneal cavity of the control 
animals remained relatively unchanged during the 
four hour test period. In contrast, the animals re- 
ceiving serum showed a rapid and marked re- 


TABLE VII 


Quantity of serum required for in vivo inactivation 
of viable bacilli 


Inactiva- 
tion of 
endo- 
toxin 


Human serum* 
EE Induced 
Dose tumor 


(0.2 ml) damaget 


Exposure 


Endotoxin to heat 


complete 
none 716 complete 
4 none 
complete 
partial 
none 


6 X 10’ 
viable 
S. typhosa 


52°C; ahr 


56°C, $hr none 





* Administered ip 15 min following injection of bacteria. 
+ Number of mice with damaged tumors/total number 
of mice tested. 
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TABLE VIII 


Bactericidal action of normal mouse serum when 
supplemented by human serum reagents 








Viable 
count 


Serum reagents tested* X 106 





0.2 ml normal mouse serum 10.0 


0.2 ml normal mouse serum + 0.2 ml human 
serum A 52°C, $ hr 


0.2 ml normal mouse serum + 0.1 ml human 
serum A 52°C, $hr 


0.2 ml normal mouse serum + 0.05 ml human 
serum A 52°C, 4 hr 


0.2 ml normal mouse serum + 0.025 ml human 
serum A 52°C, $ hr 7.9 


0.2 ml normal mouse serum + 0.2 ml human 
serum A 56°C, 3 hr 8.9 


0.2 ml normal mouse serum + 0.2 ml human 
serum R3 8.1 


0.2 ml mouse serum A 52° C, } hr + 0.2 ml 
human serum A 52°C, 3 hr 8.6 


Controls (saline) 9.1 


0.023 


0.46 


1.78 





* These products were incubated at 37° C for 1 hour with 
10 X 10° S. typhosa after which serial dilutions of the 
reaction mixtures were plated for viable count. 


duction in bacterial numbers which occurred within 
one hour. This is the time interval in which 52° 
C-heated serum, or any other effective complement 
reagent, must be given to eliminate the tumor-dam- 
aging activity of the bacteria. 

Bactericidal activity of mouse serum combined 
with human complement reagents. Normal mouse 
serum was combined with one or another of the 
complement-deficient reagents, and these combina- 
tions were examined for their bactericidal activity 
in order to determine whether these in vivo bac- 
tericidal effects could be duplicated in vitro. The 
results of such an experiment, given in Table VIII, 
show that nonbactericidal mouse serum, combined 
with inactivated (56° C) human serum or R3 
was not bactericidal. However, when mouse se- 
rum was added to human serum which had been 
heated at 52° C, pronounced bactericidal activity 
was obtained; as little as 0.05 ml of the 52° C- 
serum with 0.2 ml of mouse serum sufficed to 
elicit significant bactericidal activity. On the 
other hand, such heated human serum, combined 
with mouse serum which had been similarly heated 
at 52° C, did not provide a bactericidal combina- 
tion. 

From these data, and those obtained in the 


preceding experiments, it became clear that those 
complement-deficient reagents which were ef- 
fective in vivo were equally effective as bactericidal 
agents when combined im vitro with mouse serum. 

Ineffectiveness of complement reagents in the 
levan-treated mouse. It has been reported (10) 
that the intravenous injection of levan inhibits the 
transcapillary transfer of humoral factors of the 
mouse and thereby permits the unhindered growth 
of intraperitoneally-injected gram-negative bac- 
teria. This experimental model was utilized to 
show that human complement reagents were ef- 
fective in vivo only by virtue of supplementation 
with humoral factors present in the mouse. Tu- 
mor-bearing mice were given 3 mg of levan? in- 
travenously, followed by the intraperitoneal in- 
jection of 2 x 10° S. typhosa. Mice so treated ex- 
hibited marked tumor damage, whereas nonleva- 
nized, tumor-bearing mice did not react to this 
small dose of bacilli. Reagents such as 52° C-se- 
rum and R4 prevented tumor damage induced by 
as many as 6 X 10’ bacilli in nonlevanized mice. 
However, these reagents were ineffective in mice 
which had been prepared with levan, whereas 
whole human serum was effective. These data 
offer further support for the view that the efficacy 
of certain complement-deficient reagents is de- 
pendent upon the transfer of humoral factors 
from the mouse circulation to the peritoneal cavity. 

Antigenicity for rabbits of viable and killed S. 
typhosa. The production of antibody by rabbits 
in response to S. typhosa was employed as an in- 
dicator of host reactivity to endotoxin in order to 
extend the previous observations on the changes 
produced in the endotoxin of intact bacilli by hu- 
moral agents. Groups of rabbits were given single 
intravenous injections of viable or of heat-killed 
bacilli prepared from a common harvest. As little 
as 0.1 x 10° organisms sufficed to evoke meas- 
urable levels of antibody. As the immunizing 
dose was increased by tenfold increments the ag- 
glutinin titers rose sharply. Mean titers for rab- 
bits receiving 1 X 10° killed organisms was 1 : 280 
and that for viable bacilli was 1:720; 10 x 10° 
gave mean titers of 1: 1,350 for killed bacilli and 


2 We are indebted to Dr. M. Shilo for providing us 
with a supply of purified Aerobacter levan and his un- 
published manuscript on the mechanism of the infection- 
promoting activity of levan. 
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TABLE IX 
Effect of EDC* on antigenicity of killed S. typhosa 








Reagent 


(human) Supplement 


Agglutinin titerst of rabbits 
receiving 10 X 10 heat-killed 
S. typhosa after interaction 
with 





EDC 


activityt 0.5 ml 0.1 ml 











ACD plasma 
ACD plasma 


none 


Ca++ 5.4 X 107M 


none 
sodium citrate 
2X 10-*M 


ACD plasma, dialyzed 
ACD plasma, dialyzed 


Catt 2.7 X10? M 
EDTA 
0.5 X 107M 


Serum 
Serum 


Controls (saline) 


35 
1,280 


1,470 
184 


+ 9 
- 254 
422 

20 


1,100 2,230 
6 368 





* Endotoxin-detoxifying component. 
t As determined in the tumor damage assay. 
t Mean titers for groups of 5 rabbits. 


1:2,100 for viable organisms. Larger numbers 
ranging from 5 to 50 x 10" organisms evoked rela- 
tively little further increase in titer. To provide a 
suitable antigenic stimulus a single intravenous 
immunizing dose of 10x 10° organisms was 
chosen. This had the further advantage of being 
directly comparable to the bactericidal test in which 
the same number of organisms was used. 
Elimination of the antigenicity of killed S. ty- 
phosa by EDC. It was shown in a preceding sec- 
tion that the endotoxin of killed typhoid bacilli is 
inactivated by a humoral agent with the distinctive 
attributes of EDC. EDC activity is readily sup- 
pressed by divalent cations such as Ca*t, Mg”, 
Mn** and Ba** and requires certain anions to exert 
its effect on endotoxin (3). These characteristics 
were utilized to demonstrate that this component 
likewise affected the antigenicity of heat-killed 
typhoid bacilli. The antibody response of rabbits 
to such organisms, which had been incubated at 
37° C for one hour with one or another source of 
EDC activity, was determined. The same re- 
sults were obtained in the two experiments per- 
formed, each involving 65 rabbits. The data from 
one of these are given in Table IX. It is evi- 
dent that elimination of antigenicity was effected 
by those reagents known to have EDC activity, 
i.e., citrated (ACD) plasma, such plasma as had 
been dialyzed and then supplemented with sodium 
citrate, and serum in which the divalent cation 
was bound with a chelating agents such as EDTA 


(4). On the other hand, the bacilli which had been 
incubated in the very same plasma or serum in 
which EDC had been suppressed by the prior ad- 
dition of calcium, or by dialysis against water, had 
undiminished antigenic potency. 

Inactivation of antigenicity of viable bacilli by 
the complement system. Viable typhoid bacilli 
after interaction with fresh human serum 1m vitro 
no longer elicited high levels of typhoid agglu- 
tinins in rabbits. To determine the factors in se- 
rum responsible for this elimination of antigenicity, 
viable bacilli were interacted for one hour at 37° C 
with human serum which had been rendered de- 
ficient in one or another of the components of 
complement. Each reaction mixture was exam- 
ined in parallel in bactericidal and antigenicity 
tests. One such experiment, summarized in 
Table X, shows that fresh serum, which is highly 
effective in rendering the bacilli nonviable and 
nonantigenic, no longer exerts this effect when 
made deficient in divalent cation or any of the 
components of complement. The interrelationship 
of these biologic effects of serum was further sub- 
stantiated in studying the rate of the reaction. 
Human serum and a suspension of viable bacilli 
were mixed in a water bath at 4° C and aliquots 
were transferred to a 37° C bath in which they 
remained for varying intervals ranging from 5 
to 60 minutes. The reaction was terminated by 
returning the aliquots to the 4° C bath, after 
which the viable count and the antigenicity of the 
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TABLE X 


Requirements for the elimination by serum of viability 
and antigenicity of S. typhosa 
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TABLE XI 


Rate of the serum reaction with bacilli as measured by 
loss of viability and antigenicity 








Human serum reagent 
interacted with 10 x 10* 
S. typhosea for 1 hr 
at 37°C 
(0.2 ml) 


Antigenic 
response elicited 
in rabbits 
mean agglutinin 
titers* 


Bactericidal 
effect 
viable count 
xX 106 





S 
f—) 
rae 
w 


46 
640 
904 
844 
844 

1,120 

1,940 

1,940 


Untreated serum 
R1 


EDTA-treated 
A 56°C, $ hr 
Saline controls 


OR NMI WD 
AnourKe nS 


* Five rabbits per group. 


bacilli in each of the reaction mixtures were de- 
termined. Table XI illustrates the results of one 
such experiment; the aliquot of the reaction mix- 
ture maintained at 4° C served as the zero min- 
ute control. Incubation at 37° C of the bacilli 
and 56° C-serum resulted in no change in viable 
count or antigenicity. The data showed that 
within five minutes, at 37° C, there was a striking 
reduction in viable count which was paralleled by 
an analogous elimination of the antigenic capa- 
bility of the bacilli. 


DISCUSSION 


The findings in this paper have led to the con- 
clusion that the endotoxin of intact typhoid bacilli 
can be inactivated ; two different humoral systems, 
viz., one which requires complement and one which 
does not, have been found to be operative for 
viable and killed bacilli, respectively. It has not 
been possible to make any sharp distinction between 
the endotoxin on killed and viable bacilli as judged 
by the various nonspecific effects they elicit in the 
host. This similarity in their reactivity extends 
also to the production of specific antibody in rab- 
bits. There is no direct evidence that the loss of 
viability brought about by heating at 56° C, or 
treatment with merthiolate, involves any major 
change in the endotoxic complex itself. For these 
reasons it might have been anticipated that there 
would be no difference in the manner in which 
endotoxins of viable and heat-killed bacilli are in- 
activated. However, as this report shows, such 
a difference clearly exists. 

In seeking to explain the basis for this unex- 
pected difference in reactivity, it was appreciated 


Time allotted for 
in vitro interaction 
of 0.5 ml human 

serum and 10 X 10° effect 
S. typhosa viable count 
(min) X 108 


Antigenic 
response elicited 
in rabbits 
mean agglutinin 
titers* 


Bactericidal 


0 12.5 

5 0.0093 
10 0.0012 
20 0.0013 
60 0.0005 


1,940 


* Five rabbits per group. 


that some chemical alteration in the endotoxin 
might nonetheless occur as a result of the treatment 
by which the bacilli were rendered nonviable. 
Such a postulated change need not have been re- 
flected in altered biologic activity but could be 
critically important for interaction of the viable 
bacilli with the complement system. Further- 
more, certain functions inherent in the viable cell 
wall may preclude interaction of EDC with endo- 
toxin on the bacterial surface. For instance, the 
functioning of the viable cell wall might render 
the ionic environment unfavorable for the unique 
ionic requirements of EDC activity. 

In our earlier work on EDC (1-4), and in the 
present experiments as well, we have of neces- 
sity employed whole serum or plasma to effect 
various changes in isolated endotoxin and in ty- 
phoid bacilli. It is obvious that serum contains 
many biologically active systems and is an ex- 
tremely complex medium. The agents in serum 
responsible for the effects being studied are recog- 
nized and identified primarily by indirect evidence 
and not on the basis of chemical definition. Thus 
distinctive features of EDC activity include: a) 
its suppression by divalent cation; b) its anionic 
requirement; c) no demonstrable participation of 
antibody; d) its resistance to destruction upon 
dialysis against water ; ¢) its relative heat stability. 

On the other hand, the complement system 
plainly differs in each of these respects. Fur- 
thermore, the standard procedures for identifying 
each of the components of complement by virtue 
of its inactivation has been shown to leave EDC 
activity unaltered. It is therefore evident that 
adequate criteria exist for distinguishing between 
these two systems. On the basis of these criteria, 
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means are readily available for suppressing one 
system while facilitating operation of the other. 

The information obtained in this study has 
shown that the array of factors in normal serum 
which are required for bactericidal effect (anti- 
body, complement and divalent cation) are the 
very same components which are needed to elimi- 
nate such endotoxic attributes of viable bacilli as 
the induction of tumor damage and the produc- 
tion of antibody. Such information as was ob- 
tained indicates that these changes are simultane- 
ous events. In any case it has not been possible 
to separate killing of the bacilli by serum from the 
loss of their toxic and antigenic properties. These 
facts in themselves do not prove that the changes 
brought about in the endotoxin of the bacteria 
by the complement system are necessarily critical 
for the bactericidal effect. Indeed, it is conceiv- 
able that the changes in endotoxin that have been 
measured are even incidental to the killing process. 
However, these findings do imply that, at some 
stage of the interaction between serum and organ- 
isms, endotoxin is the substrate for one of the 
many enzymatic reactions which undoubtedly 
come into play. This concomitant elimination of 
endotoxic attributes of typhoid bacilli in the serum 
bactericidal process has obvious important im- 
plications for the host-parasite relationship. 

It has been proposed that the somatic antigen 
on the bacterial surface is the key substrate for 
serum bactericidal activity (11). However, no 
direct evidence has heretofore been obtained to 
substantiate this proposal. The present work, 
which shows that inactivation of endotoxin is in- 
timately associated with the killing of S. typhosa 
by the normal serum bactericidal mechanism, con- 
stitutes evidence that indirectly supports this view. 
These alterations in the endotoxin of the viable 
bacillus, which can readily be measured, may offer 
special advantages for further delineation of the 
complex sequence of events in the killing of bac- 
teria by serum. 

It has been reported recently that fresh serum 


can produce morphological alterations in the cell 
wall of Salmonella (12) and Shigella species (13) 
which results in their conversion to spheroplasts. 
It has not been established that the formation of 
these spheroplasts is an essential step in the proc- 


ess by which serum kills these bacilli. The es- 
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sential factors and conditions of the serum bac- 
tericidal mechanism appear to be less complex 
than are the requirements for the serum conversion 
of typhoid bacilli to spheroplasts. Although the 
inactivation of endotoxic activity undoubtedly 
occurs under these more complex circumstances, 
it also can be effected under conditions which do 
not favor spheroplast formation. Therefore, there 
is, at present, no evidence that would directly re- 
late the inactivation of the bacterial endotoxin to 
the changes in the cell wall which result in sphero- 
plast formation. 

We have previously discussed the advantages 
and limitations of the various host responses to 
endotoxin with regard to their use for the assay 
of endotoxin and thereby for the measurement of 
alterations produced in endotoxin by biologic 
agents (2). It was pointed out that of the con- 
siderable array of reactions in the mammalian 
host which are known to be elicited by endotoxin 
very few provide discriminating quantitation and 
acceptable consistency. The two host responses 
to endotoxin which have been utilized in the pres- 
ent work had been found to meet these require- 
ments in related studies. Furthermore, the 
changes detected with these two systems were 
shown to be equally applicable to still other reac- 
tions of the host. Accordingly, the changes in the 
endotoxin of intact S. typhosa which have been 
measured by loss of antigenicity, and the capacity 
to induce tumor damage, are considered to be in- 
dicative of major alterations in this complex. 
Even though the end products of the interactions 
are equally ineffective in eliciting host responses, 
it does not necessarily follow that EDC alters the 
endotoxic complex in the same way as does the 
complement-antibody system. The nature of the 
changes in the endotoxic complex brought about 
by either of these systems is presently unknown. 

In the course of these studies other information 
has been obtained which has little direct bearing 
on the primary issues under consideration. Inas- 
much as these incidental findings contribute to 
areas which have attracted interest they are sum- 
marized briefly : 

a) In the past it was not possible to determine 
precisely the time, after injection of polysac- 
charide, when the pattern of events leading to tu- 
mor damage by the injected endotoxin became. 
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irreversible (14). In the present work, the use 
of viable typhoid organisms as a source of endo- 
toxin was advantageous in that it was possible to 
inactivate or detoxify the bacilli by the separate 
administration of serum. The sequence of events 
leading to the production of hemorrhagic necrosis 
could be interrupted by the injection of serum 
within an interval of one hour after the bacilli. 
After this time interval the administration of serum 
no longer influenced the ultimate outcome despite 
the absence of any change detected in the tumor 
at the time the serum was given. 

b) Past evidence has led to the assumption that 
mouse serum is deficient in both the second and 
third components of complement (15), to which 
has been attributed the lack of bactericidal and 
hemolytic activity of such serum im vitro. The 
present report presents further evidence in sup- 
port of this contention, in that the addition to 
mouse serum of either R2 or R3, prepared from 
human serum by standard methods, failed to pro- 
vide a combination with bactericidal activity. 
However, human serum from which C’2 had been 
eliminated by heating (one-half hour at 52° C) 
exhibited highly effective bactericidal activity when 
combined with mouse serum. Thus, different re- 
sults were obtained on supplementing mouse se- 
rum depending on the method of preparation of 
R2. However, when such heated human serum 
was combined with mouse serum which had also 
been heated at 52° C, bactericidal activity was not 
restored. It is therefore clear that heated human 
serum is capable of supplementing mouse serum 
with some substance not present in R2 prepared 
by dialysis. Although mouse serum has been 
considered as lacking in C’2, the present findings 
show that it contains a component which, in its 
biologic effect and in its heat lability, behaves 
like C’2. 

SUMMARY 


Alteration of the endotoxin of Salmonella ty- 


phosa in its native state on the bacterial surface, 


after incubation with serum, was studied. Changes 
in endotoxic behavior were measured by the loss 
of two characteristic attributes; viz., induction of 
hemorrhagic necrosis in mouse Sarcoma 37, and 
stimulation of specific antibody formation in rab- 
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bits. The endotoxic activity of typhoid bacilli 
killed by heat or by chemical treatment was inac- 
tivated by 
(EDC), the same agent previously shown to af- 
fect isolated endotoxin, but was not inactivated by 


In contrast, the endo- 


endotoxin-detoxifying component 


antibody and complement. 
toxic activity of viable bacilli was not affected by 
EDC but was eliminated by antibody and comple- 
ment, the recognized bactericidal system of nor- 
mal serum. Viability was thus the critical factor 
in determining which of these two humoral systems 
exerted an effect on the endotoxin of typhoid 
bacilli. 
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Congenital virilizing adrenal hyperplasia may 
present a varied clinical picture. Patients have 
been described who have only excessive virilization 
(1); others have an associated Addison-like elec- 
trolyte disturbance (2, 3), with hypoglycemia (4), 
or with hypertension (5-9). Recent studies (10- 
12) indicate that the manifestation of virilism may 
result from defects in the biosynthesis of cortisol.’ 
The first suggestion regarding the nature of the 
error was made by Lewis and Wilkins (12), and 
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Health Service. Present address: New York Hospital, 
New York, N. Y. 

1 The following trivial names are used in the text: Hy- 
drocortisone (Compound F) is 118, 17a, 21-trihydroxy- 
4-pregnene-3,20-dione. Tetrahydrocortisol (tetrahydro F) 
is 3a, 118, 17a, 21-tetrahydroxy-pregnane-20-one. Corti- 
sone (Compound E) is 17a, 21-dihydroxy-4-pregnene-3,11,- 
20-trione. Tetrahydrocortisone (tetrahydro E) is 3a, 17a, 
21-trihydroxy-pregnane-11,20-dione. 11-Desoxyhydrocor- 
tisone (Compound S) is 17a, 21-dihydroxy-4-pregnene-3,- 
20-dione. Tetrahydro S is 3a, 17a, 21-trihydroxy-preg- 
nane-20-one. Dihydro S is 17a, 21-dihydroxy-pregnane- 
3,20-dione. Corticosterone (Compound B) is 118, 21-dihy- 
droxy-4-pregnene-3,20-dione. | Tetrahydrocorticosterone 
(tetrahydro B) is 3a, 118, 21-trihydroxy-pregnane-20-one. 
Desoxycorticosterone (DOC) is 21-hydroxy-4-pregnene- 
3,20-dione. Tetrahydrodesoxycorticosterone is 3a, 21-di- 
hydroxy-pregnane-20-one. Dihydrodesoxycorticosterone is 
21-hydroxy-pregnane-3,20-dione. Allo-dihydrodesoxycor- 
ticosterone acetate is 21 acetoxy-allo-pregnane-3,20-dione. 
Twenty-one desoxycortisone is 17a-hydroxy-4-pregnene-3,- 
11,20-trione. Pregnanetriol is pregnane-3a, 17a, 20a-triol. 
Pregnanediol is pregnane-3a, 20a-diol. Androsterone is 
3a-hydroxyandrostane-17-one. Etiocholanolone is 3a-hy- 
droxy-etiocholane-17-one. 11-Keto androsterone is 3a-hy- 
droxy-androstane-11,17-dione. 11 Ketoetiocholanolone is 
3a-hydroxy-etiocholane-11,17-dione. 11 Hydroxyandro- 
sterone is 3a, 118-dihydroxy-androstane-17-one. 11 Hy- 
droxyetiocholanolone is 3a, 118-dihydroxy-etiocholane-17- 
one. 


corroborated by Bartter and associates (13). 
Dorfman (14) postulated that there is a deficiency 
in the C-21 hydroxylation mechanism. Eberlein 
and Bongiovanni (15) then found that some pa- 
tients with congenital virilizing adrenal hyper- 
plasia excreted C-21 hydroxylated compounds in 
approximately the same quantities as did normal 
individuals. Tetrahydrocortisone in small amounts 
was found. The present authors (16) have stud- 
ied six patients with virilizing adrenal hyperplasia 
in addition to the one reported here. Each of these 
was found to be excreting C-21 hydroxylated com- 
pounds in amounts equal to those found in nor- 
mals of comparable age. Tetrahydrocortisol was 
one of the a-ketols present. More recently, both 
tetrahydrocortisone and tetrahydrocortisol have 
been found in the urine of patients with this dis- 
order (17-20). 

Abnormally high excretion of precursors of cor- 
tisol, metabolites of precursors, and androgens are 
well recognized consequences of the derangement 
in the pathway for synthesis of normal corti- 
costeroids. Further augmentation of the amounts 
of such products is to be expected from the over- 
stimulation by excess corticotropin. The identi- 
fication of some of the abnormal metabolites has 
led to the clarification of the probable location of 
the errors in the synthetic process (7-22). Lab- 
oratory and clinical data reported by many work- 
ers favor the concept that the defect in some cases 
may be at two or more steps of the steroid syn- 
thesis. 

Eberlein and Bongiovanni (7-9) studied an un- 
treated patient who had congenital adrenal hyper- 


The plasma 


plasia associated with hypertension. 


and urinary 17-hydroxycorticosteroids were mark- 
edly elevated. The plasma contained Compound S 


and tetrahydro S. The predominant compound in 
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the urine was tetrahydro S. Tetrahydrodesoxy- 
corticosterone was also identified. 

Three nonketonic C,, steroids and two C,,-17- 
ketosteroids were isolated and identified by infra- 
red spectroscopy. None of the compounds iso- 
lated had oxygen functions at the 1l-carbon. The 
authors proposed that these findings were evidence 
for deficiency in C-11 hydroxylation. They also 
suggested that the hypertension may be attributed 
to accumulation of desoxycorticosterone, and this 
type of defect has been considered characteristic 
of congenital adrenal hyperplasia when hyperten- 
sion is a complication (21). 

Later Dyrenfurth and associates (19) reported 
finding large amounts of tetrahydro S in the urine 
of two patients with congenital adrenal hyper- 
plasia; one had hypertension and the other did 
oth of them excreted metabolites of cortisol. 
More recently Birke and colleagues (20) studied 
the steroid patterns in the urine of two siblings 
with congenital adrenal hyperplasia. Both pa- 


not. 


tients excreted tetrahydro S, tetrahydrocortisone 
Neither pa- 


and 1l-oxygenated 17-ketosteroids. 
tient had hypertension. 

The study reported here concerns a normoten- 
sive patient with the adrenogenital syndrome with 
a corticoid pattern characterized by the presence 
of the metabolites of Compound S and of desoxy- 
corticosterone as well as of cortisol. 


CASE REPORT 


D.G., a white male, was first seen at 5.5 years of age 
when he was admitted to the Pediatric Service of this 
hospital for evaluation of sexual precocity. The parents 
related that he weighed 3.5 kg at birth. Acceleration of 
growth was noted during the first year of life. At 3 
months the patient weighed 4.6 kg, at 6 months 9.6 kg, 
and at 10.5 months 12.0 kg. Acne was noted on his face 
and chest at one year of age. The history was not re- 
markable otherwise. 

On admission the patient had the physical develop- 
ment of an adolescent; his voice was deeply pitched. 
A papular rash was present on the face and over the 
shoulders. There was a moderate amount of hair on the 
upper lip and in the axillae; pubic hair was abundant. 
He weighed 35 kg; his height was 142 cm. 

The blood pressure was recorded by 3 different ex- 
aminers to be 100/65, 105/70 and 120/80, respectively. 
Numerous other observers always found it to be within 
these limits. After 3 years’ treatment with cortisone, 
the drug was discontinued for 2 weeks. At the end of 
this time the blood pressure was again found to be nor- 
mal. The other remarkable features of the physical ex- 
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amination were limited to a penis measuring 9 cm in 
length and small testes and prostate. The bone age, ac- 
cording to Todd’s “Atlas of Skeletal Maturation,” corre- 
sponded to that of 11 years and 9 months. The neutral 
17-ketosteroids ranged from 15.7 to 21.7 mg per day 
for 4 successive days before this investigation began. 
Urinary a-ketol excretion, measured as blue tetrazolium 
reducing substances (23), ranged from 18.6 to 27.7 mg 
per 24 hours. The normal range for children 5 to 7 years 
of age was found to be 2.5 to 3.5 mg per 24 hours in our 
laboratory. Excretion of pregnanetriol and pregnanediol, 
determined according to the method of Bongiovanni (24) 
was 4.5 and 1.5 mg per day, respectively. Serum electro- 
lytes, hemogram, blood sugar and urinalysis were normal 

One week after the administration of 25 mg of cortisone 
acetate orally every 12 hours, the urinary neutral 17- 
ketosteroid excretion and total corticoid excretion had de- 
creased to 2.5 and 12.4 mg per 24 hours, respectively. The 
excretion of both types of steroids rose to pretreatment 
levels 48 hours after the cortisone was discontinued. 
The patient was then placed on 37.5 mg of cortisone 
orally per day in divided doses for the next 9 months. 
During that time the 17-ketosteroid excretion ranged be- 
tween 1.2 and 2.5 mg per 24 hours. Urinary pregnanetriol 
and pregnanediol were found to be 1.7 and 0.8 mg, re- 
spectively, per day. No change in the range of systolic 
or diastolic blood pressure was noted during the trial of 
cortisone, when the drug was stopped, or during mainte- 
nance therapy. 


METHODS 


Corticosteroids. A 3 day pool of urine was collected 
before treatment and again a week after cortisone therapy 
had been started. Twenty-four hour aliquots from each 
pool were buffered at pH 4.8, hydrolyzed for 48 hours at 
47° C with 8-glucuronidase (250 units per ml of urine), 
and then continuously extracted with ether for 48 hours 
after the pH had been readjusted to 6.8. The extracted 
urine was put aside and the ether extracts were dried and 
washed in chloroform by the procedure described by 
Burton, Zaffaroni and Keutmann (25). The number of 
washings was reduced to 3 alkali, 1 acid, and 1 water 
wash, together with their appropriate back washings. 
Preliminary fractionation and identification were done 
on one of the 24 hour aliquots, the other two were used 
for more definite and confirmatory information both as 
to identity and quantitation. 

The total a-ketol content of the neutral extracts was 
measured with blue tetrazolium according to the method 
described by Izzo, Keutmann and Burton (23) prior to 
and after chromatographic fractionation on paper. The 
total C-21, 17-hydroxyglycol content was determined by 
the method of Wilson and Fairbanks (26), and total 17- 
ketosteroid content by the method of Talbot, Berman and 
MacLachlan (27), using alcoholic KOH prepared ac- 
cording to Wilson and Carter (28). The amounts of 
the individual fractions or compounds were determined 
on known aliquots of eluates from the paper after the 
compound had been located with the appropriate spotting 
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reagent. Quantities of individual compounds other than 
the above types were quantitated by methods which will 
be indicated in each instance. In order to insure against 
loss of a-ketols, no preliminary separation into various 
types of the steroids in this extract was attempted. Dur- 
ing treatment with Girard’s reagent T, for instance, losses 
have been encountered by ourselves and other investiga- 
tors (29, 30). The direct chromatography presented 
some problems, of course, when a-ketols and glycols or 
other steroids with similar or identical running rates 
were found in greatly differing amounts on the same 
chromatograms. Separation was then accomplished by 
rechromatographing the area with different systems, dif- 
ferent amounts, or by acetylation and subsequent chro- 
matography. 

Fractionation of each urine extract by paper chromatog- 
raphy was similar to that described by Burton and col- 
leagues (25) with certain modifications as indicated in 
Figure 1. The neutral extract was applied to washed 
Whatman no. | filter paper impregnated with freshly pre- 
pared 50 per cent solution, by volume, of formamide in 
absolute methanol. The chromatograms were developed 
in the benzene/formamide system for 48 hours so as to 
yield 3 fractions consisting essentially of C.,O, (Fraction 
A), C0, (Fraction B), and C,,0, (Fraction C) com- 
pounds, respectively. 

The steroids remaining on the paper as Fraction C were 
eluted off with methanol. This eluate was rechromato- 


graphed in the toluene/propylene glycol system for 44 


hours. The chromatogram was dried and examined un- 
der a fluoroscopic scanner (31). Reference strips 0.25 
cm wide were cut from the center of the chromatogram 
and the steroids were located with the following: aqueous 
blue tetrazolium ; 2,4 dinitrophenylhydrazine (32) ; metha- 
nolic sodium hydroxide (33); the Zimmermann reaction 
using aqueous KOH;; periodic acid oxidation followed by 
the Zimmermann reaction (34) ; aqueous iodine (35) ; and 
sulfuric acid fluorescence. In certain instances additional 
spot tests were used to help in the location and identifica- 
tion, namely, treatment with phosphomolybdic acid (36) ; 
treatment with 70 per cent phosphoric acid (37, 38) ; and 
treatment with trichloracetic acid (39). 

The reference strips treated with blue tetrazolium indi- 
cated that the a-ketols were grouped in 3 zones at this 
time as illustrated in Figure 1. These were eluted sepa- 
rately and designated as subfractions C-1, C-2 and C-3 
(Figure 1 and Table I). Fractions A and B were re- 
chromatographed in the cyclohexane/formamide and the 
benzene/formamide systems, respectively, as indicated in 
Figure 1. Steroids were located on reference strips from 
each of these chromatograms with the group-specific 
spotting reagents enumerated above. Just as had been 
done with Fraction C, these chromatograms were divided 
into subfractions corresponding to blue tetrazolium reac- 
tive zones. 

The eluates of each of these were rechromatographed in 
the appropriate systems (Figure 1). In many instances 
it was necessary to rechromatograph a subfraction or an 
isolated steroid several times in order to achieve separa- 
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tion of two different group-specific reacting areas or to 
eliminate urinary pigments. Complete separation was at 
times not achieved until acetates were made and chro- 
matographed (35). This was especially true for mixtures 
of a-ketols and other C-21 compounds which had the same 
mobility. These mixtures were separated most efficiently 
when undiluted formamide was used as the stationary 
phase. 

Characterization was attempted in the case of each 
isolated steroid. The criteria for identification were: 
a) the chromatographic mobility in the free state and as 
acetates compared with authentic compounds and their 
acetates; b) reactions of the unknown compounds on pa- 
per with the aforementioned group-specific reagents; c) 
the absorption spectra in methanol and sulfuric acid, re- 
spectively (40); and in most instances, d) infrared ab- 
sorption spectra. Well defined spectra were obtained 
when the acetates either were partitioned between purified 
ethyl ether and ice water, or were passed through a 
micro-column of silica gel, or both. 

Non-a-ketolic C-21 steroids. These steroids were lo- 
cated on the toluene/propylene glycol chromatograms by 
means of those spot tests, enumerated earlier, which did 
not test for a-ketols but have been found to react with 
groupings on the molecule which apply specifically here 
(32-39). In some instances there was overlapping on the 
chromatograms with a-ketols of similar polarity, and com- 
plete separation, sufficiently satisfactory for complete 
identification, was not accomplished until after acetylation. 

Seventeen-ketosteroids. The urines which had been 
extracted at pH 6.8 after enzyme hydrolysis were next 
adjusted to pH 1 with 50 per cent sulfuric acid and again 
continuously extracted with ether for 48 hours. These 
extracts were dried and washed in the same manner as 
those containing largely the a-ketolic steroids. The total 
amounts of Zimmermann-reacting substances were then 
measured. Separation of the individual 17-ketosteroids 
was accomplished by paper chromatography utilizing the 
benzene/formamide, cyclohexane/formamide, and cyclo- 
hexane: hexane/formamide systems (25). The Zim- 
mermann reaction, when used to spot the compounds on 
the paper, was performed with aqueous KOH. For quan- 
titation, alcoholic KOH (28) was used. The overflow 
from Fraction A of the a-ketol procedure was chromato- 
graphed with cyclohexane: hexane/formamide, the spots 
located, identified and quantitated, and the results pooled 
with those of the pH 1.0 extract (Table II). Six com- 
pounds were present in sufficient quantity for ready 
separation, quantitation, and identification by comparing 
their mobilities and infrared absorption spectra with 
authentic compounds. In addition there were 5 com- 
pounds which were present in insufficient quantity to 
identify definitely. 


RESULTS 


The steroids isolated and iden- 
tified prior to any treatment of the patient and 
during cortisone therapy are listed in Table I and 


Corticosteroids. 
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NEUTRAL EXTRACT 


CHROMATOGRAPHED IN B/F 48 HRS. 


-—) MEOH ELUATE ——}CHROMAT. IN 
T/PG 44 HRS. 


C-1 —}) IN CHCL3/F 7 HRS. <3 pear 


OF STEROIDS 
REMAINING 


ON PAPER 


FRACTION C 
(Cp)0s CPDS.) 


5-48 HRS ———————>CHROMAT. IN 
OVERFLOW B/F SHRS. 


FRACTION B 
(Co, O4 CPDS.) 





O-5 HRS. ——————-4 CHROMAT. IN 
OVERFLOW CY/F 24HRS. 


FRACTION A 
(CoO CPDS. ) 


Fic. 1. 


c-2 —} " T/PG 
c-3 —) " 1/PG 


B-1 —) IN T/PG 


B-2—}> “ T/PG 


A-| —> IN CY/F 


SCHEME OF THE FRACTIONATION BY PAPER CHROMATOGRAPHY. 


i 
B:CY/F™ SHRS. ref 
B:cY/F" a 

4 


3 
5 
B/F" 3HRS, +: 
7 


cy/e” 6HRS.—L8 


56 HRS. 
40HRS. —} 


9 
ACETATES IN B:CY/F” 3HRS Tt 


cy/F™ 5S HRS. 


24HRS. ——> AcETATES IN 


In each instance the 


overflow from the chromatograms was added to the subsequent, less polar material before this 
was chromatographed. This assured against loss of any steroids throughout. 


Abbreviations: B/F = benzene/formamide. 
clohexane/formamide. 


T/PG =toluene/propylene glycol. 
CHC1,/F = chloroform/formamide. 
B: CY/F = equal volumes of benzene and cyclohexane/formamide. 


CY/F = cy- 
H/F = hexane/formamide. 
In the case of formamide, 


when an asterisk appears on the diagram, it denotes that undiluted solvent was used to im- 
pregnate the paper for the stationary phase; the absence of an asterisk indicates that the form- 
amide was diluted with an equal part of methanol before impregnating the paper. 


their properties summarized. The identity of a 
number of them could not be established. The 
patient excreted 18.6 to 27.7 mg of a-ketolic ster- 
oids per day prior to cortisone therapy. The 
a-ketolic content of the urine pool used for chro- 
matography was 21.0 mg per day which was six 
times the amount excreted by normal children of 
comparable age (41). 


Identified ketolic steroids 


Tetrahydro S. The predominant a-ketol iso- 
lated from the most polar fraction (Fraction C), 
designated as Compound 6 in Table I and Figure 
1, accounted for 68 per cent of the total a-ketolic 


steroids excreted per 24 hours. The free com- 
pound as well as its acetate had the same chromato- 
graphic mobilities as had authentic tetrahydro S 
and its acetate. The free compound and its acetate 
reacted with blue tetrazolium to give an intense 
blue color. When the compound, was dissolved in 
methanol, no peak was found in the ultraviolet ab- 
sorption spectrum. The sulfuric acid chromogen 
ot both the free compound and its acetate gave 
an absorption peak at 314 my and a plateau ex- 
tending from 400 to 420 mz. This pattern was 
identical to what we observed with known tetra- 
hydro S (T.H.S.). An infrared absorption spec- 
‘rum of the acetylated compound in carbon di- 
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TABLE I 


Quantities and some properties of the steroids isolated from the urine of D. G.* 








Spot test reactions 


Periodate 
oxidation 
2,4-Dinitro- 
phenyl- 
hydrazine 





Com- Blue 
Alpha pound tetra- 
ketols no. zolium 


U.V. absorption spectra max. 
in conc. sulfuric acid 


Zimmer- 


Treatment Fraction mann Steroid 





mg/24 hr 
None Total 
Neutral 21.2 
C-1 


0.8 


0. 
1. 


orange 
0 
0 


yellow 


orange 


© 


yellow 


0 


A-pig. 
é yellow 


A-1 
0 


Sorooe 
ASA nw trv 


A-over- 

flow 
Cortisone Total 
Neutral 
C-1 


yellow 


0 

0 
yellow 
yellow 


++++ +++ + + 


0 


A ~OvVer- 


oS S 


~ 
— 


6 S660 +46 


mp 


260 (shoulder), 310, 410, 
510 (shoulder) 

260 (shoulder), 325, 410, 
510 (shoulder) 

315, 410 

325-330, 410 

315 


315, 400-20 (plateau) 
310, 410 (shoulder) 


268, 315, 440, 500 
(shoulder) 

315, 440, 500-520 
(shoulder) 

310, 440, 510 (shoulder) 


320 


280, 330, 420 
270, 320 

265, 295, 310 
305-10, 375, 400 


285--290, 360-70, 435 
316, 380-410 (plateau) 


260 (shoulder), 320, 410, 
500 (shoulder) 

260 (shoulder), 318, 410, 
510 (shoulder) 

320, 410 

325, 410 

270, 310, 375, 410, 500 
(shoulder) 

305-10, 420 

305 

255, 305, 375, 420-30 

280, 355-65, 420, 510 
(shoulder) 


Unidentitied 
Tetrahydro F 


Unidentified 
Tetrahydro E 
Pregnane-3a, 17a, 
20£, 21-tetrol 
Tetrahydro S 
Three a, 17a, 20a- 
trihydroxy preg- 
nane-11-one 
Dihydro $ 


Unidentified 


Pregnane-3a, 17a, 
20a-triol 
Three a, 17a, dihy- 
droxy-pregnane- 
20-one 
Inidentified 
‘nidentified 
‘nidentified 
Inidentified 
Pigments 
Dihydro DOC 
Tetrahydro DOC 
17-Ketosteroids and 
pigments 


Unidentified 
Tetrahydro F 


Unidentified 
letrahydro E 
Unidentified 


Tetrahydro B 
Unidentified 
Unidentified 
Unidentified 


17-Ketosteroids and 
pigments 


* None of the compounds when dissolved in methanol gave an absorption peak in ultraviolet light. All compounds 
failed to produce fluorescence when treated with sodium hydroxide. None of the compounds gave a blue color when 
treated with iodine solution (22). 


amounts of several of the other a-ketols in Table 
I were spotted in this extract. 

Tetrahydrocortisol. Compounds 1 and 2 were 
not separated in the free state with the toluene/ 
propylene glycol and chloroform/formamide sys- 


sulfide was likewise identical to that of authentic 
T.H.S... A smaller amount (3.5 mg) of T.H.S. 
was identified in the urine extract obtained after 
hot acid hydrolysis. It was quantitated and the 
amount is included in Table I. Insignificant 
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tems. As acetates they were separated from one 
another when chromatographed in the benzene: 
cyclohexane/formamide system. The chromato- 
graphic mobility of the acetate of Compound 2 
was identical to that of authentic tetrahydrocorti- 
sol diacetate in a mixed chromatogram. An ab- 
sorption spectrum given by the sulfuric acid chro- 
mogen and the infrared absorption spectrum of the 
acetylated compound in a potassium bromide disc 
was identical with that of authentic tetrahydro- 
cortisol. 

Tetrahydrocortisone. Compound 4 exhibited 
chromatographic mobility identical to that of au- 
thentic tetrahydrocortisone in the free state and 
as acetate. Its reaction with blue tetrazolium, 
its nonreactivity with the other spotting reagents, 
and its failure to absorb ultraviolet light charac- 
terized it as a saturated a-ketol. The sulfuric acid 
chromogen and the infrared absorption spectra 
were identical to those of known tetrahydrocorti- 
sone diacetate. 

Dihydro S. Compound 8 behaved like dihydro 
S. In the free form and as acetate it exhibited 
polarity similar to Compound E and its acetate. 
However, it gave a color, when treated on paper 
with 2,4 dinitrophenylhydrazine, which suggested 
the presence of a nonconjugated ketone group in 
Ring A. The sulfuric acid chromogen pattern 
was identical to that of authentic dihydro S. 

Dihydrodesoxycorticosterone and_ tetrahydro- 
desoxycorticosterone. The two a-ketols found in 
Fraction A (Compounds 16 and 17) were of more 
than ordinary interest. Alpha-ketols have not been 
found in the urine of normal persons in this frac- 
tion (25, 41). In the free form they moved as a 
single wide band which was slightly more polar 
than desoxycorticosterone (cyclohexane/formamide 
and a number of other systems). The more polar 
of the two acetates (no. 16) was compared with 
allo-dihydrodesoxycorticosterone acetate since di- 
hydrodesoxycorticosterone acetate was not avail- 
able to us. The movements of the unknown and 
reference compounds were identical in hexane, 
formamide as well as in cyclohexane/formamide. 
The sulfuric acid chromogen was identical to that 
of dihydrodesoxycorticosterone (42). 

The less polar of the two acetates (no. 17) ex- 
hibited chromatographic behavior like the acetate 
of tetrahydrodesoxycorticosterone in hexane/ 
formamide, cyclohexane/formamide, and _ cyclo- 
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TABLE Il 


17-Ketosteroids isolated from the urine of. patient D.G. 








Ex- Ex- 
tracted 


at at 
pH 1.0 pH 6.8 


tracted 


Total 





m hr mg/24 hr meg/24 hr 


ge 
N 


Androsterone 

Etiocholanolone 

11-Keto androsterone 

11 Keto etiocholanolone 

11 Beta hydroxyandrosterone 
11 Beta hydroxyetiocholanolone 
Unidentified 


a 
6 


SOoSSorrN 
COM WMH COW A 
SOSSH HM 
COMmeNWwOO- 


— 
tm 
w 


hexane: benzene/formamide systems. The sul- 
furic acid chromogen and the infrared absorption 
spectra were identical to those given by authentic 
tetrahydrodesoxycorticosterone. 

Alpha-ketols not completely characterized. Five 
additional a-ketolic compounds were separated in 
varying amounts (Compounds 1, 3, 9, 13, 15). 
All seemed to be saturated in Ring A. Many of 
the characteristics of Compounds 1 and 3 sug- 
gested that they were probably “allo” isomers of 
tetrahydro F and tetrahydro E, respectively (43, 
44). The polarity of the others ranged from 
slightly less than that of cortisone to slightly less 
than that of 11-dehydrocorticosterone. Neither 
their chromatographic behavior as free steroids, or 
as acetates, their sulfuric acid chromogen spec- 
tra, nor the various spot tests or derivatives aided 
in their identification. Compound 9 may possibly 
have been tetrahydro A contaminated with another 
steroid. The sulfuric acid chromogen curve did 
not resemble the two identified steroids found next 
to it. 

Non-e-ketolic C-21 steroids. 
found in Fraction C-2 of the toluene/propylene 
glycol chromatogram. The total amount per 24 
hours was 1.6 mg. 

Pregnane-3a, 17a, 20€, 21-tetrol. This com- 
pound (no. 5 in Figure 1 and Table 1) was found 
between tetrahydrocortisone and tetrahydro §S;; it 
overlapped with the latter before acetylation. 
When compared with known samples of Com- 
pounds F and E its chromatographic mobility was 
found to be similar to Compound F. It did not 
react with blue tetrazolium and gave a positive 
Zimmermann spot after periodate oxidation. 
With phosphomolybdic acid it gave a blue color. 


Two glycols were 
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It did not become fluorescent when treated with 
sodium hydroxide and no color was produced with 
dinitrophenylhydrazine. Its sulfuric acid chro- 
mogen had a peak at 314. An infrared absorp- 
tion spectrum had peaks which were identical to 
those described by Eberlein and Bongiovanni (9) 
for this compound. 

When the compound was oxidized a 17-ke- 
tosteroid was produced which, when chromato- 
graphed in the cyclohexane/formamide system, 
had mobility identical to etiocholanolone. 

Three a, 17a, 20a-trihydroxy-pregnane-11-one. 
This compound (no. 7 in Figure 1 and Table 1) 
was less polar than tetrahydro S when found on 
the toluene/propylene glycol chromatogram. It 
was also less polar than Compound E when com- 
pared with a known sample of this compound. It 
was spotted by treatment with 70 per cent phos- 
phoric acid, which produced a fluorescence (37, 
38). It did not react with blue tetrazolium but 
gave a positive Zimmermann reaction after oxi- 
dation with periodate. It gave a strong blue 
color with phosphomolybdic acid (36), did not 
fluoresce when treated with sodium hydroxide, 


and 2,4-dinitrophenylhydrazine produced no color. 
A sulfuric acid chromogen spectrum had a peak 
at 310 and a shoulder at 410. When the acetates 
of this compound and of pregnane-3a, 17a, 20,21- 
tetrol were chromatographed their polarity was in 


the reverse order of the free compounds. This 
suggests that the unknown compound (no. 7) had 
fewer hydroxyl groups available for acetylation 
than the identified glycol—3a, 17a, 20, 21-tetrol. 

After oxidation with periodate or chromic acid 
the unknown compound yielded a 17-ketosteroid 
which, when chromatographed with cyclohexane/ 
formamide, moved identically to 11-keto-etiocho- 
lanolone. The quantity was insufficient for fur- 
ther tests. All the above information, especially 
the comparison with the findings on 3a, 17a, 20,21- 
tetrol, suggests that this glycol did not have an 
oxygen function at the 21l-carbon but had one on 
carbon-11. The most likely compound to fit all 
the above findings is 3a, 17a, 20a-trihydroxy-preg- 
nane-11-one. 

Pregnane-3a, 17a, 20a-triol. This compound 
(no. 10 in Table I) was found in the upper part 
of Fraction B, slightly less polar than the blue 
tetrazolium zone designated B-1 in Figure 1. It 
was less polar than tetrahydro B and tetrahydro 
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A, both in the free form and as acetates. The ace- 
tate was also less polar than desoxycorticosterone 
acetate. The free compound, when located on the 
paper chromatograms with phosphoric acid, gave a 
violet color and pink fluorescence (37, 38). When 
treated with trichloracetic acid (39) it gave a 
blue color in daylight and blue fluorescence. It 
did not react with blue tertazolium and all reactions 
for A4, 3-keto groups were negative. After pe- 
riodate oxidation, according to the method of Ro- 
manoff and Hunt (34), it gave a weak Zimmer- 
mann reaction. With phosphomolybdic acid it 
gave a blue color (36). In sulfuric acid it formed 
a pale orange color (9) and its sulfuric acid chro- 
mogen absorption spectrum had a major peak 
at 440, a minor peak at 310 and a shoulder at 510. 

The amount, in addition to having been done on 
an aliquot of urine as mentioned in the case re- 
port, was again quantitated by eluting the com- 
pound off the paper and applying the formula of 
Allen to the absorption spectrum obtained with a 
sulfuric acid chromogen. In this manner 4.8 mg 
per 24 hours was calculated to be present. 

Three a, 17a-dihydroxy-pregnane-20-one. This 
compound (no. 11 in Table 1) was detected on the 
paper by its reaction with 2,4-dinitrophenylhydra- 
zine, thus characterizing a ketone group in the 
molecule. Its polarity was somewhat less than di- 
hydro S and pregnanetriol. It did not reduce blue 
tetrazolium and did not have an ultraviolet light 
absorption peak when dissolved in methanol. After 
chromatography of the acetate its sulfuric acid 
chromogen absorption spectrum consisted of a peak 
at 320 mp. This was identical to the spectrum 
yielded by authentic 3a, 17a-dihydroxy-pregnane- 
20-one (42). An infrared absorption spectrum 
also coincided with that given by this compound. 
While most of the compound was sharply localized 
in this region of the chromatogram, traces were 
also distributed to some extent throughout Frac- 
tions B and A in the preliminary fractionation and 
necessitated rechromatography of certain of the 
other steroids in order to clean them up satisfac- 
torily for identification. Similar difficulties were 
encountered by Fukushima and Gallagher (17) 
when a urine extract contained large amounts of 
pregnane-3a, 17a, 20a-triol. From the aliquot used 
8.4 mg of the compound in crystalline form was 
isolated, and this accounted for an excretion of 
slightly more than 25 mg daily. 
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Pregnane-3a, 20a-diol was found in Fraction A 
by spotting with phosphomolybdic and_ silico- 
tungstic acids. It was cleaned up by chromatog- 
raphy using a toluene : methyl cyclohexane/propyl- 
ene glycol system and identified by its sulfuric 
acid and infrared absorption spectra. 

Two other nonketolic substances were isolated 
from Fraction B (Compounds 11 and 13). These 
substances, like Compound 9, reacted with 2,4- 
dinitrophenylhydrazine. From the chromato- 
graphic mobility of Compound 13 before and after 
acetylation we inferred formation of a diacetate. 
Further identification was not possible. A num- 
ber of lesser spots were found during treatment 
with phosphoric acid and phosphomolybdic acid, 
but their nature was not determined. 

Seventeen-ketosteroids. The three 24 hour 
urine specimens contained an average of 17 mg of 
17-ketosteroid after hydrolysis with hot hydro- 
chloric acid. In order to avoid the confusion 
caused by artifacts produced by the hot acid (45) 
the chromatography and identification were per- 
formed on extracts prepared as described in 
“Methods.” This, we believe, assured us that the 
identified metabolites were excreted as such by the 
patient. 

In Table II are recorded the six C,, compounds 
which were isolated, quantitated and identified by 
their infrared absorption spectra. Five additional 
compounds were found in minute amounts, too 
small to identify. These are all included in the 
table under “unidentified.” The sum of the 17- 
ketosteroids thus found was 12.2 mg. According 
to the work of Brooks (29) this is a reasonable 
amount when compared with the quantity found 
after hot acid hydrolysis. 

Cortisone treatment period. The excretion of 
17-ketosteroids reverted to normal levels while 
the patient was receiving cortisone. There was 
also a decrease in the daily excretion of a-ketols 
and there was a marked change in their pattern. 
The predominant a-ketols were tetrahydrocortisol 
and tetrahydrocortisone which accounted for ap- 
proximately 57 per cent of the total a-ketols ex- 
creted. A small amount of tetrahydro B was also 
found. It is possible that its presence in small 
amounts during the pretreatment period was 
missed because of the large quantities of abnor- 
mal steroids located in the same regions of the 
chromatogram (Fraction B-1). It could also 
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have been due to contamination of the administered 
cortisone by Compounds A or B. The metabolites 
of Compound S and desoxycorticosterone noted 
prior to cortisone therapy were not found. Some 
of the unidentified compounds exhibited properties 
identical to some of the unidentified compounds 
found during the pretreatment period. This phe- 
nomenon may have been due to the cortisone dos- 
age being insufficient to suppress completely 
ACTH production. 


DISCUSSION 


Adrenal gland perfusions and adrenal vein blood 
analyses indicate that cortisol and cortisone are 
the major products of adrenocortical secretion in 
man. The synthesis of Compound F via pregnen- 
olone (46) is dependent upon hydroxylating en- 
zymes which introduce oxygen function at C-17, 
C-21 and C-11 positions, usually in sequential 
fashion in the order named, according to Hechter 
and Pincus (47). 

Patients exhibiting congenital adrenal hyper- 
plasia with virilization are considered to have a 
metabolic defect which does not allow synthesis 
of cortisol at a normal rate. All of the clinical 
and laboratory findings which have been reported 
are in keeping with this hypothesis. In the plasma, 
low levels of 17-hydroxycorticoids and high levels 
of ACTH have been reported (11). Administra- 
tion of adrenocorticotropin usually has not aug- 
mented appreciably the levels of corticoids in the 
serum or urine (10-13, 48, 49). Exceptions to 
this have been reported (16, 50). These varia- 
tions of response from case to case probably de- 
pend upon whether or not the adrenals are re- 
sponding maximally to intrinsic ACTH before ad- 
ministration of the extrinsic material. This in 
turn may depend upon differences in the quanti- 
tative extent of the defect. In the cases described 
prior to 1955 the known metabolites of cortisol 
were not found (7, 8, 11). Since then, however, 
both tetrahydrocortisone and_tetrahydrocortisol 
have been isolated from the urines of untreated pa- 
tients with adrenogenital syndrome (15-18). The 
explanation proposed by Bongiovanni and Eber- 
lein, and which has been supported by others 
(18), namely, that the fault is relative and not ab- 
solute, explains these findings in a highly satis- 
factory manner. Indeed, the ability to synthesize, 
with sufficient stimulation by ACTH, adequate 
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URINE OF A NORMOTENSIVE BOY WITH ADRENOGENITAL SYNDROME. 
lites which were separated and measured are printed in small slanted type. 
able precursors and their interrelations are printed in capitals. 


hydroxylase activities are postulated. 


amounts of cortisol probably explains why most 
of these patients remain in good general health. 

The urinary steroid pattern in the case described 
here had certain similarities to that found in the 
case with hypertension reported by Eberlein and 
Bongiovanni (9); however, there were marked 
differences in both kind and amount of metabolites 
In Figure 2 we have indicated the most 
probable precursors of the various C,, metabo- 
lites found in the urine of our patient. Implica- 
tions as to the abnormalities in synthesis are de- 
rived from the amounts and types of these me- 
tabolites. At the same time the presence of the 
17-ketosteroids listed in Table II should be 
taken into consideration. 

The levels of excretion of metabolites of Com- 
pound S and of desoxycorticosterone in the two 
patients were of roughly the same order. In ours 
we found slightly more tetrahydro S but in the 
case of Eberlein and Bongiovanni (9) there was 


isolated. 


A SCHEME TO EXPLAIN THE ALPHA-KETOLIC METABOLITES FOUND IN THE 


The steroid metabo- 
The prob- 
Impaired 11- and 21- 


more 3a, 17a, 20 ?, 21-tetrol. In both cases the 
excretion levels of these compounds were of such 
magnitude that they very definitely implied failure 
of 11f-hydroxylation (47). The inference that 
these amounts of metabolites imply formation by 
the adrenals of the same amounts of the parent 
compounds is perhaps plausible, but not certain. 

In normal individuals the above metabolites are 
not found to any great extent. Touchstone, Bula- 
schenko, Richardson and Dohan (51) thought that 
a group of normal men and women excreted about 
20 pg of tetrahydro S daily. It was not always 
present, however, even in such small amounts, in 
normal persons, pregnant women or diabetics. 
Less than 10 wg per day has been found in the 
urine of a group of normal children studied in our 
laboratory. Romanoff and Wolf found none in a 
series of normal adults or patients with schizo- 
phrenia (52). 

It is interesting that Hechter aad colleagues 
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predicted some years ago (53) that if a clinical 
condition should arise in which there is an in- 
sufficiency of 11-hydroxylating enzyme, such per- 
sons would execrete metabolites of Compound S. 
Several such conditions, in addition to the sub- 
ject of this paper, can be cited, When Compound 
S was administered to patients with adrenal in- 
sufficiency, tetrahydro S was found in the urine 
in considerable quantities (54). In some patients 
with adrenal cortical tumors considerable quan- 
tities of tetrahydro S have been found in the urine 
(54-56), probably because the production of Com- 
pound S was so great that the capacity of the 11- 
hydroxylating mechanism was exceeded, or the 
subjects had defects in the 11-hydroxylating 
mechanism. 

The most striking difference between the case 
reported here and that of Eberlein and Bongio- 
vanni (9) was the unquestionable evidence for the 
presence in our patient of 118-hydroxylating en- 
zyme. This conclusion is based on the isolation 
of tetrahydro F, tetrahydro E, and the four 11- 
oxygenated 17-ketosteroids recorded in Table II. 
The overall pattern of the urinary metabolites as 


well as clinical evidence indicate that the capacity 
on the part of the adrenals to perform this func- 
tion was reduced. 


The possibility exists that the degree or se- 
verity of the block is of importance and that the 
amount of DOC synthesized and its effect on blood 
pressure would depend on this. The finding of 
similar quantities of metabolites of DOC may be 
against this but not definitely so. In addition, 
one would expect that the amount of 11-oxy- 
genated metabolites excreted would give an indi- 
cation of the degree of the defect. No conclusions 
in reference to this point can be drawn from pub- 
lished cases. To our knowledge there have been 
reported five cases of adrenogenital syndrome in 
whom the major metabolite found in the urine 
was tetrahydro S (9, 19, 20, 57). Metabolites of 
DOC were reported in only the case of Eberlein 
and Bongiovanni (9). One can assume that they 
were present in some of the other cases if not in 
all. In all cases except that of Eberlein and 
3ongiovanni evidence of some degree of 118-hy- 
droxylation was found in the form of either 11- 
oxygenated C,, or C,, steroids or both. There 
was no correlation between the presence or ab- 
sence of these metabolites and hypertension. There 
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was no correlation of blood pressure with age or 
Sex, 

Of equally great interest and perhaps importance 
was the finding in our case of greater quantities of 
metabolites of 17-hydroxyprogesterone (25 mg of 
3a, 17a-dihydroxy-pregnane-20-one, and 4.5 mg of 
pregnane-3a, 17a, 20e-triol) than metabolites of 
Compound S, as indicated in Figure 2. The 
amounts were verified by repeated analyses on sev- 
eral aliquots of the three 24 hour specimens. 
Three a, 17a, 20-trihydroxypregnane-ll-one, a 
metabolite of 21-desoxycortisone, was almost cer- 
tainly also found. All these metabolites have been 
found in cases of adrenogenital syndrome with de- 
ficiency of C-21-hydroxylation (16). In the light 
of these findings a relative insufficiency of 21- 
hydroxylating function is strongly suggested in 
our case. It is plausible, therefore, that this boy 
had partial insufficiency of both 11- and 21-hy- 
droxylating enzymes. 

It is of slight interest that the 20-keto metabo- 
lites of 17-hydroxyprogesterone were more abun- 
dant than the 20-hydroxy metabolites, as is usually 
the case (17). This could imply some difference 
of metabolism from the usual in either adrenals or 
liver. The proportions are the same, of course, 
as in the case of metabolites of hydrocortisone 
under normal conditions. 

Hypertension has never been described in pa- 
tients with adrenogenital syndrome who have de- 
fects in 21-hydroxylation. The hypertension, 
therefore, appears to occur only in some of those 
patients with defects in 118-hydroxylation. Our 
studies, however, as well as several other reports, 
show that the occurrence of normal blood pressure 
in this syndrome does not rule out a defect in 
11-hydroxylation or establish that the major de- 
fect is at the 21 position. 

Some additional remarks concerning observa- 
tions which have been made on some of the adrenal 
cortical steroids that are made consequent to the 
defect of C-11 are in order. In no studies with 
Compound S was there evidence that hypertension 
could be attributed to it. Bergenstal, Huggins and 
Dao (58) gave 25 to 50 mg of Compound §S in- 
tramuscularly to adrenalectomized patients. It 
was followed only by minimal salt retention and 
no carbohydrate effect. The patients were weak 
and anorectic and exhibited fall in their blood 
pressure. Other clinical studies indicated that 
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quantities as large as 200 mg per day had to be 
given to induce detectable changes in sodium 
chloride balance (59). Still other investigators 
(60, 61), studying the metabolism of Compound S, 
have given this orally and intramuscularly in doses 
up to 1 g per day without noting alteration in 
blood pressure. 

While there is no good evidence for etiologic 
relationship between desoxycorticosterone per se 
and most clinical hypertensive states, there is evi- 
dence which indicates that there may be some cir- 
cumstances in which desoxycorticosterone can 
cause hypertension. Some authors think that 
when this occurs it is a consequence of the sodium 
retention caused by the hormone; others have pre- 
sented data which contradict this. 

In almost all studies involving the administra- 
tion of desoxycorticosterone to animals or man 
there have been wide variations in the degree of 
response by individuals or groups of individuals. 
This was noted in the earliest reports concerning 
the use of this hormone in the treatment of Ad- 
dison’s disease (62-64). The patients varied 


greatly in the amount of hormone esters required 


to alleviate the manifestation of adrenal insuffi- 
ciency. With the same doses wide variations 
were noted in sodium chloride and water retention, 
in body weight changes, edema formation, and 
effects on blood pressure. 

When desoxycorticosterone was given to nor- 
motensive, spontaneously hypertensive, and Gold- 
blatt-hypertensive dogs, 9 out of 12 dogs developed 
hypertension ; 3 did not (65). Perera and Blood 
(66) administered desoxycorticosterone to 10 
normotensive and 15 hypertensive individuals while 
they were under strict metabolic control. The 
normotensive individuals developed no change of 
basal blood pressure, while in the hypertensives 
both systolic and diastolic pressures increased. 
The authors were of the opinion that changes in 
body weight and salt balance were the same in 
both groups; therefore, they did not accept elec- 
trolyte retention as being the crucial factor re- 
sponsible for the increase in blood pressure. 

Some of the work by Davies and Clark (67) 
suggests that increase of blood pressure after ad- 
ministration of desoxycorticosterone may not re- 
sult from a direct effect of the steroid on blood 
vessels, but the hormone may condition them for 
an increased response to pressor substances. They 
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administered 5 mg of desoxycorticosterone acetate 
twice daily to 15 individuals for 15 days. The re- 
sponse to injection of epinephrine and norepineph- 
rine was measured repeatedly before and after 
treatment with desoxycorticosterone acetate. 
While the resting pressures were not significantly 
altered, there was invariably an increase of pres- 
sor response after pretreatment with desoxycorti- 
costerone acetate. 

Recently Liddle and associates (68) and Jenk- 
ins and associates (69) gave an 118-hydroxylase 
inhibitor (2-methyl-1,2-bis[3-pyridyl]-1-propa- 
none) to normal nonstressed persons. Compound 
S and other 11-desoxycorticosteroids were isolated 
from the serum and large quantities of their me- 
tabolites were isolated from the urine of these sub- 
jects. The blood pressure was not affected; it is 
entirely possible that it would have been with 
longer administration or larger doses. Experience 
with administration of desoxycorticosterone to pa- 
tients with Addison’s disease certainly showed that, 
when larger doses of this drug were given, it took 
several months in some patients for the blood 
pressure to reach hypertensive levels. 


SUMMARY 


The urinary steroid pattern of an untreated 
normotensive 5.5 year old boy with congential 
virilizing adrenal hyperplasia has been studied. 

Abnormally large amounts of metabolites of 
Compound S and of desoxycorticosterone were 
found. This indicates that hydroxylation at C-11 
of the steroid nucleus was impaired. 

The patient also excreted normal or near nor- 
mal amounts of tetrahydro F, tetrahydro E, and 
other metabolites possessing an oxygen grouping 
at C-11. This is interpreted to indicate that the 
patient was capable of hydroxylation at this posi- 
tion when the adrenals were subjected to excessive 
stimulation by endogenous ACTH. 

Large amounts of metabolites of 17-hydroxy- 
progesterone were also found. This was inter- 
preted to indicate a relative insufficiency of C-21- 
hydroxylation when this system was working un- 
der a load. 

When hypertension accompanies the adreno- 
genital syndrome it probably indicates a defect in 
hydroxylation at C-11 of the steroid nucleus and 
resulting excessive manufacture of DOC. A nor- 
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mal blood pressure does not rule out the existence 
of this defect. The factors which determine the 
difference in blood pressure response are not 
known. 
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The hemodynamic adaptation of the human body 
to acute and chronic anemia has been extensively 
studied. There are few reports, however, of in- 
vestigations of the response of anemic individuals 
to exercise. The most exhaustive study to date is 
that of Bishop, Donald and Wade (1), who evalu- 
ated 11 patients with anemia at moderate levels of 
exercise, performed in a supine position at minute 
ventilations up to 20 L. 

Preliminary observations in our laboratory indi- 
cated that subjects suffering from moderately se- 
vere anemia are capable of exerting themselves on 
a treadmill at levels of exercise approaching or 
exceeding those producing maximal oxygen intake 
in normal subjects. This led us to investigate the 


response of anemic subjects to very severe exer- 
tion. 


MATERIALS AND METHODS 


Nine patients with anemia of various types comprised 
the case material for study. Table I summarizes the 
characteristics of these patients, as well as the level of 
exercise performed by each. 

Exercise was performed on a treadmill, the grade and 
speed of which could be adjusted so thdt a maximal 
amount of oxygen was extracted from inspired air by the 
exercising subject (2). 

Blood samples were drawn from the brachial artery, 
brachial vein, and femoral vein through plastic catheters, 
with the subject standing at rest and during the last min- 
ute of a 2.5 minute exercise period. The samples were 
analyzed for O, and CO, content, O, capacity, pCO., pO., 
and pH (2). Oxygen and CO, contents were determined 
by Van Slyke manometric analysis, pCO, was calculated 
from the CO, content, using the Singer-Hastings nomo- 
gram (3), oxygen tension was determined polarographi- 
cally (4, 5) and pH was measured at 37° C with a Stand- 
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ard Cambridge micro-glass electrode and a Beckman 
model G-S pH meter. To confirm polarographic values, 
pO, also was often measured by the micro-bubble equili- 
bration technique (6). 

Mean circulation time, cardiac output and “central 
blood volume” were calculated from dye dilution curves 
according to the method of Hamilton, Moore, Kinsman 
and Spurling (7). For this determination, 10 mg of 
Evans blue (T1824) dye was delivered at the end of an 
18 inch length of PE 90 (polyethylene) catheter into the 
axillary vein, and arterial blood was collected from the 
brachial artery through a 12 inch length of PE 90 catheter. 
Expired air was collected at rest and during the last 
minute of the exercise period, and the O, and CO, con- 
tents were determined on a Beckman E-2 O, analyzer and 
a Listone-Becker infrared CO, analyzer, respectively. Gas 
volumes were measured in a Tissot spirometer and were 
corrected to BTPS or STPD as indicated. Physiological 
dead space was calculated by use of Bohr’s equation (8). 
Pulse rate was determined electrocardiographically and 
respiratory rate by means of a strain gauge assembly 
mounted on the expiratory side of an Otis-McKerrow two- 
way breathing valve. 

The percentage of oxygen utilized by the tissues (ex- 
pressed in terms of arterial oxygen content) was calcu- 
lated as follows: 


per cent oxygen utilized 
AVO, difference, ml per L 
arterial oxygen content, ml per 





- X 100. 
‘§ 

The oxygen transport to the tissues was expressed as 
follows: O, transport (ml per minute) = cardiac output 
(L per minute) X arterial O, content (ml per L). 

The alveolar-arterial (A-a) gradients for oxygen were 
determined using the alveolar air equation for alveolar 
pO.. The directly measured (polarographic) value for 
arterial pO, was then subtracted from the calculated 
alveolar pO.. 

It was not possible to achieve maximal levels of 
oxygen intake in the two patients with pernicious anemia, 
owing to peripheral neurological changes. Studies on 
these individuals were done at the maximal grade and 
speed tolerable to them. 

In the remaining subjects, exercise trials were per- 
formed on the day prior to the complete experiment. 
With one exception, they were able to perform at a 
level of exercise sufficiert to meet the criteria previously 
laid down as defining maximal oxygen intake (2). The 
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TABLE I 


Characteristics of anemic subjects 





Level of exercise* 


Weight Diagnosis Hemoglobin Speed Grade 





miles/hr % 
12.50 
14.75 
14.50 
12.50 
14.75 
14.75 
7.50 
5.0 
5.0 


oe 


ke 
49.4 
74.2 
55.2 
56.2 
68.0 
68.1 
91.1 
66.6 
64.0 


Sickle cell anemia 

Sickle cell anemia 

Sickle cell anemia 

Sickle cell Hb C disease 

Fe deficiency anemia (ulcer) 

Fe deficiency anemia (nosebleeds) 
Fe deficiency anemia (hemorrhoids) 
Pernicious anemia 

Pernicious anemia 


CTalere-t- flare) 
TE wero 
DD m2 90 9 90 m3 
QNUASWAKO 
BR UNANAN ATH 





* Average level of exertion at which our normal subjects reached maximal oxygen intake was 6 miles per hour at a 
12.5 per cent grade. 

tients and in the normal subjects, while standing at 
rest and also during vigorous exercise, are shown 
in Tables II and III. 

Blood samples were drawn during more than 
one period of severe exercise from some of the sub- 
jects, and therefore the number of determinations 
appearing in Table III under “exercise” is often 


exception was a 62 year old, severely hypertensive man 
who weighed 270 pounds (Subject no. 7, L.J.). 

Attempts to study patients after correction of their 
anemic state have not as yet been successful. Com- 
parisons have therefore been made between anemic sub- 
jects and a large group of normal individuals who were 
evaluated previously by the same techniques (2, 9). 


RESULTS 


The means and standard deviations of the vari- 
ous parameters studied, both in the anemic pa- 


TABLE 


Standing rest 


Normal 


Anemic 


Mean No. 
Ventilatory function 
Ventilatiory (L/min) 
Respiratory rate (per min) 
Tidal volume (L) 
Va (L) 
Alveolar ventilation (L/min) 


OH He 


Blood flow function 
Cardiac output (L/min) 
Stroke volume (cc) 
Pulse rate (per min) 
Central volume (L) 
Appearance time (sec) 
Mean circulation time (sec) 
AVO: difference (vol %) 


H HH H HH 


H 


Gas exchange/metabolic activity 

0.32 
0.22 
0.72 


25.8 


0.33 

0.25 

0.74 
33.5 


Oxygen intake (L/min) 

COs: output (L/min) 

R.Q. 

O2 removal rate (cc/L) 

O» transport to body tissues 
(L/min) 

O: utilized, % 


7.6 


0.98 
38.5 


0.84 
41.6 


0.17 


6.8 9 


Mean 


greater than the number recorded during “stand- 
ing rest.” 
The relationships of oxygen saturation and oxy- 


II 


Indexes of ventilation and blaod flow at rest and during exercise in normal and anemic subjects 
} g 


Anemic 


No. Mean 


71.50 + 21.0 
40.1 + 12.0* 
1.85 + 0.39* 
0.53 + 0.19 
$1.4 + 21.3 


18 
17 


2.2 
3.1 
0.9 


+ He He He Ht HE 


He 


0.05 
0.07 
0.06 
8.3 


Ht He Ht Ht 


0.20 
8.2 





* Determinations which vary significantly from those in normals, p 


< 0.05. 
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TABLE III 


Blood gas and >F. imeasurements at resi and during exercise in normal and anemic subjects 














Anemic 


Site Mean No. é No. Me No. Mean 





22.0 
19.62 
21.33 
93.4 
82.1 
86.0 
20.4 
40.0 


Brachial A-a gradient (mm Hg) 39.7 +11.0 
artery O: content (vol %) 9.77 + 1.61 
Oc capacity (vol %) 11.24 + 1.90 
Saturation, % J + 8.5 
Calc. Oz tension (mm Hg) J + 15.1 
15.5 
2.5 
5.1 
0.09 


O+ tension (mm Hg) 
CO: content (mEq/L) 
CO: tension (mm Hg) 
pH 


HHHHHH EH HE 


+ He HE HE 


0.92 
12.3 

4.5 
10.3 

1.7 

6.9 45.0 

0.08 7.36 0.04 


Brachial Oz content (vol %) 
vein Saturation, % 
Calc. O2 tension (mm Hg) 
O: tension (mm Hg) 
CO: content (mEq/L) 
CO: tension (mm Hg) 
pH 


Ht HH H OH OH OH 


1.20 7.72 2.31 
11.8 0. 14.4 
1.8 4. 7.0 
12.1 26.3 + 10.3 
2.2 26.9 + 2.3 
3.5 47.1 + 6.0 

7.35 + 0.05 


Femoral QO» content (vol %) 
2.2 
YP) 
9.0 
22 
+ 11.2 
+ 0.08 


vein Saturation, % 
Calc. O2 tension (mm Hg) 
Os tension (mm Hg) 
CO: content (mEq/L) 
CO: tension (mm Hg) 
pH 


NNN WN 
ee uUn ss « 
HHHHH HHEHEHHEHH 
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Fic. 1. NORMAL SUBJECTS AT REST AND DURING EXERCISE. 
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gen tension (both of which have been corrected to 
pH 7.40) (10) are shown plotted with respect to 
standard oxygen dissociation curves (11) in Fig- 
ure 1 for normal subjects and in Figure 2 for 
anemic patients. 

The relationships between CO, content, CO, 
tension and pH are graphically depicted in Figure 
3. The venous values for each of these parameters 
were obtained by summing the values obtained 
from the femoral and brachial veins and dividing 
by two. 

In order to stress certain findings pertinent to 
the subsequent discussion, the more important re- 
sults are summarized in the following paragraphs. 

At rest. Ventilatory volume tended to be larger, 
and respiratory rate faster, than normal in the 
anemic individuals at rest (Table II). There was 
no significant difference in tidal volume, physio- 
logical dead space, or alveolar ventilation between 
normal and anemic subjects. 

Resting cardiac output and stroke volume were 
larger than normal. Pulse rate, however, was not 
increased at rest. 
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Fic. 2. NorMAt O, DISSOCIATION CURVE FOR PH 7.40 
COMPARED WITH CORRECTED VALUES OBTAINED IN ANEMIC 
PATIENTS. 


Gas exchange and metabolic activity, as indi- 
cated by oxygen intake, CO, output, total oxygen 
transport to and the percentage of oxygen utilized 
by the body tissues, were similar in resting anemic 
and in resting normal subjects. 
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The A-a gradient for oxygen tended to be in- 
creased in the anemic subjects at rest (Table III). 
A shift to the right of the oxygen dissociation curve 
was indicated (Table III and Figure 2) by di- 
rectly measured oxygen tensions which tended to 
be higher than oxygen tensions calculated from 
the Van Slyke values and pH by use of the nor- 
mal oxygen dissociation curves of Dill (11). 

Although arterial and venous carbon dioxide 
content, as well as CO, tension (Table III and 
Figure 3) were lower in anemic than in normal 
subjects, the arteriovenous (A-V) CO, content 
difference was the same, while the A-V CO, ten- 
sion difference was greater than normal. This was 
reflected by a wider A-V pH difference in anemic 
subjects at rest (Figure 3 insert). 

During exercise. Equivalent grades of exercise 
resulted in similar levels of minute ventilation in 
normal and anemic subjects (Table II). How- 
ever, the anemic individuals moved a smaller tidal 
volume at a faster respiratory rate and the physio- 
logical dead space increased relative to tidal volume 
much more in violently exercising anemic pa- 
tients than in normal subjects. Alveolar ventila- 
tion was therefore less in the exercising anemic 
than in exercising normal subjects. 

Cardiac output, stroke volume, pulse rate, cen- 
tral blood volume and mean circulation time dur- 
ing heavy exercise were approximately the same 
in anemic patients as in normal subjects. 

Although the peripheral tissues of the anemic 
subjects utilized a higher percentage of the oxy- 
gen transported by hemoglobin during severe ex- 
ercise, a markedly decreased oxygen-carrying ca- 
pacity limited the possibility of expanding the 
AVO, difference. The oxygen removal rates per 
liter of ventilation, as well as the total oxygen in- 
take per minute, were therefore found to be sig- 
nificantly less in anemic than in normal subjects at 
similar levels of exercise (Table II). The CO, 
production of the anemic individuals was similarly 
depressed relative to normal. 

During strenuous exertion of anemic patients, 
the values for A-a O, gradient, arterial pO, and 
oxygen saturation were not significantly different 
from those observed at rest. Oxygen tension 
measured directly in venous blood, again as at rest, 
was significantly higher than was oxygen tension 
calculated from per cent saturation and pH using 
standard O, dissociation curves (Figure 2). 
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The CO, content end CO, tension of both ar- 
terial and venous blood, as at rest, were less than 
normal in subjects with anemia during intense ex- 
ertion (Figure 3). In contrast to the situation at 
rest, the A-V CO, content and tension differences 
were less in exercising anemic than in exercising 
normal subjects. The A-V pH difference was 
similar in the two groups of exercising subjects, 
although the absolute level of pH was higher in 
both the arterial and venous blood of the exer- 
cising anemic individuals. 


DISCUSSION 


It is apparent that by expanding available hemo- 
dynamic compensatory mechanisms, the anemic 
individual at rest is able to handle the delivery of 
oxygen and the transport of CO, in relatively ade- 
quate fashion. 

During vigorous exercise, however, despite what 
must be presumed to be maximal utilization of all 
available hemodynamic adjustments, the supply 
of oxygen to working cells is sharply limited and 
the production of CO, is also curtailed. It was 


surprising that such high levels of exercise could 


be achieved without obvious symptomatic distress, 
since, in the tissues, one would suppose that a 
large oxygen debt must necessarily be incurred. 

This study suggests that although the anemic 
state itself may, to a slight extent, alter the ability 
of the cardiopulmonary apparatus to respond to 
stress, the predominant limitation upon the exer- 
cising anemic individual is imposed by an abnor- 
mally decreased quantity of available hemoglobin. 

Ventilation. Despite the larger minute ventila- 
tion of the anemic patients, the resting alveolar 
ventilation of normal subjects and anemic patients 
was similar. This can be accounted for by the 
fact that the increase in total ventilation was ac- 
complished entirely by an increase in respiratory 
rate. Interestingly enough, the marked increase 
in respiratory rate during vigorous exercise in 
anemic patients was not accompanied by greater 
total ventilation than that observed in normal 
subjects. 

The factor or factors triggering the increase in 
respiratory rate are unclear, but possibilities are 
that the mechanical properties of the lung may 
be altered, or that an alteration in the composition 
of the blood bathing the respiratory center might 
mediate the increase. 
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An investigation by Mcllroy, Eldridge and 
Stone (12) of the mechanical properties of the 
lungs in several patients with anemia during only 
mild exercise was considered to demonstrate no 
apparent abnormalities. These studies would ap- 
pear to exclude mechanical factors as a possible 
mechanism for the rate alteration; however, a 
more extensive investigation of mechanical func- 
tion including heavier exercise might throw addi- 
tional light on this problem. 

Whatever the reason for the alteration of the 
respiratory rate tidal volume relationship, there 
can be no question but that the observed increase 
in respiratory rate reflects a greatly increased work 
of breathing in the anemic subject as compared 
with that of normal subjects. Despite this relative 
increase in the work of breathing, the subjective 
appreciation of dyspnea was apparently no greater 
than that seen in normal individuals exercising at 
the same levels. 

It is important to note that during exercise the 
alveolar ventilation of the anemic subjects relative 
to the quantity of carbon dioxide which they were 
releasing to the lungs was increased over normal. 
Therefore, despite calculated minute alveolar ven- 
tilations which were the same or smaller than 
normal, the anemic subjects were, in a more funda- 
mental sense, hyperventilating. This situation was 
mirrored by the lower-than-normal CO, tensions 
measured in anemic arterial blood. 

Blood flow. The current studies confirm the 
well documented fact that the cardiac output of 
anemic subjects at rest is increased over normal 
(13). Total blood volume was not measured in 
the present group of experimental subjects. How- 
ever, in another group of patients with sickle cell 
disease, total blood volume as measured by dye 
and radioactive chromuim dilution methods was 
found to be increased (14). This is at variance 
with the impression of most workers that total 
blood volume is decreased in the presence of ane- 
mia (15). However, much of the experimental 
work on anemia has been done on animals made 
anemic by hemorrhage and such preparations 
might be expected to have a diminished total blood 
volume. In the present study, using the method 
of Hamilton and associates (7), the “central” 
blood volume of anemic patients was increased 
as compared with that found in normal subjects. 

In both normal and anemic subjects there was a 
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marked increase in “central” blood volume from 
rest to exercise. The magnitude of these in- 
creases is difficult to reconcile with observations 
that the diastolic size of the heart decreases during 
exercise (16) and with the studies of Asmussen, 
Christensen and Sjostrand (17) which showed no 
change in lung volume during maximal exercise. 
Since the pulmonary blood volume is a very small 
proportion of the “central” blood volume such dis- 
crepancies are not too surprising. 

The studies of Bishop, Donald and Wade (1) 
led them to believe that the hyperkinetic response, 
once established, is present at all levels of activity 
and that an individual with an increased output at 
rest would maintain this increased flow over nor- 
mal through all grades of exercise. This may be 
true until a level of activity is reached somewhere 
near that producing maximal oxygen intake; be- 
yond such levels, cardiac output either levels off 
or declines (2). At this level of exertion, the 
cardiac response of normal and anemic subjects is 
apparently equivalent. Such equivalence is sur- 
prising since one might assume, a priori, that be- 
cause a myocardial reserve is already encroached 
upon at rest, the myocardial muscle of an anemic 
individual would be less able to respond to severe 
stress than would a normal myocardium. 

It is possible that during exercise, coronary blood 
flow in animals may be significantly augmented 
owing to a decrease in the viscosity of arterial 
blood. Studies performed on dogs made acutely 
anemic by Case, Berglund and Sarnoff (18) in- 
dicated that coronary flow in the anemic dogs was 
increased because of lower coronary resistance. 
This same study showed that the ventricular func- 
tion curves of these open-chest, narcotized dogs 
were not depressed until the hematocrit had been 
reduced to between 24 and 31 per cent, a level 
of hematocrit below which most of our anemic 
subjects did not fall. It is apparent that, since the 
coronary sinus blood is extremely desaturated 
even in the normal individual at rest (19), oxygen 
delivery to the anemic myocardium must be aug- 
mented, during exercise, almost entirely by in- 
crease in blood flow. 

It is noteworthy that both normal and anemic 
subjects demonstrated a marked increase in stroke 
volume from rest to strenuous exercise. The 
anemic individuals had a larger stroke volume 
than normal at rest and while a further increase 





384 


was obtained during exercise, it was only such as 
to make the normal and the anemic stroke volumes 
comparable. Since rate was comparable under 
all circumstances, changes in stroke volume gen- 
erally reflected changes in cardiac output. These 
findings are in contrast to Rushmer and Smith's 
observations suggesting that stroke volume usually 
does not change during exercise (20). It may be 
that some of the discrepancy is explicable by the 
fact that, in our studies, both resting and exercise 
values were obtained in the upright position. In 
this posture, stroke volume tends to be less than 
it is in the supine position (21) and is therefore 
more subject to increase under the impact of added 
stress. Some of the observations on which Rush- 
mer and Smith based their reasoning were from 
studies done in the supine position and many were 
made at lower levels of exercise than those used 
by us. Rushmer’s own very ingenious experi- 
ments, of course, were all performed on dogs. 
Blood gas exchange. Previous studies from this 
laboratory in normal subjects (2, 9) indicated 
that although the oxygen dissociation characteris- 
tics of hemoglobin were normal at rest, there was 
a shift to the right of the dissociation curve, par- 
ticularly in venous blood, during heavy exercise 
(see Figure 1). In the venous blood of anemic 


subjects, this phenomenon appears to be present 
not only during violent exercise, where it is per- 
haps more pronounced than in normal subjects, 


but also at rest. Kennedy and Valtis (22) cite 
evidence that the dissociation curve of anemic 
blood, studied in vitro, is shifted to the right and 
that it tends to revert to normal upon correction 
of the anemic state. Such a phenomenon has been 
reported as measured im vivo in resting patients 
with sickle cell anemia by Rodman and associates 
(23). In our patients the results suggest that the 
oxygen dissociation curve under the conditions of 
anemia and exercise is changed in shape so that 
the lower portion of the curve is shifted to the 
right while the upper portion remains relatively 
normal. 

A similar change, as illustrated in Figure 1, 
occurs in normal subjects during exercise but 
possibly the change is greater in anemia (Figure 
2) and is also made more obvious by increased ve- 
nous desaturation in the exercising anemic sub- 
jects. It seems possible that the changes shown 
in anemia might be but an extension of a normal 
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exercise phenomenon, demonstrable because a 
lower portion of the oxygen dissociation curve is 
analyzed in the venous blood of the exercising ane- 
mic subject. 

The factors eliciting these changes in dissocia- 
tion characteristics in either normal people during 
exercise, or the more profound changes in anemic 
people both at rest and in exercise, have not been 
fully elucidated. 

Gambino (24) has reported that, during exer- 
cise, the pH of plasma is 0.10 pH unit higher than 
that of whole blood. It is probable that this dif- 
ference might be exaggerated in anemic blood, and 
it may be that these observations reflect an intra- 
corpuscular pH which is very significantly less 
than that measured on whole blood. Such a de- 
crease, if great enough, could explain our findings. 

At any rate, there can be little doubt that the 
change in dissociation characteristics of hemo- 
globin suggested by these data is theoretically help- 
ful in maintaining an adequate oxygen gradient at 
the tissue level and in insuring the continued un- 
loading of oxygen under conditions in which the 
hemoglobin is extremely unsaturated. 

It seems obvious that A-a oxygen tension gradi- 
ents in anemia are increased over normal both at 
rest and during exercise. As previously pointed 
out from data obtained on a larger group of sub- 
jects possessing the S type of hemoglobin, the in- 
crease in A-a gradient found in patients with sickle 
cell disease (14) is greater than that to be expected 
on the basis of anemia alone (25). More definitive 
studies with three levels of oxygen-breathing sug- 
gested that, in the sickle cell patients, the increased 
A-a gradient, when the patients were breathing 
room air, was principally related to intrapulmonary 
shunting, although distribution defects and diffusion 
defects also existed (14). In the present group 
of patients, the increase in A-a gradient at rest 
might be the result of shunting, ventilation blood 
flow disturbances or of defects in diffusion. Al- 
veolar ventilation does not directly affect the A-a 
gradient and in any case (as reflected by the nor- 
mal or low CO, tensions) it was adequate in these 
subjects. During strenuous exercise, the abnor- 
malities of oxygenation do not apparently change. 
since A-a gradients, although still elevated above 
normal, show no further increase. Such a lack of 
change on exercise militates against a diffusion de- 
fect’s being predominant in causing the widening 
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of the gradient at rest. One is therefore left with 
the impression that the defect in oxygenation of 
hemoglobin seen in anemia is probably related to 
a combination of change in dissociation character- 
istics plus an intrapulmonary disturbance in ven- 
tilation blood flow relationships. 

Since the percentage of oxygen utilized by the 
peripheral tissues was not significantly greater 
than normal in the resting anemic subjects, it is 
apparent that, at rest, the decrease in O,-carrying 
capacity is adequately compensated for by in- 
creased blood flow. During heavy exercise, on the 
other hand, despite a slight increase in oxygen ca- 
pacity and maximal widening of the A-V oxygen 
difference, the delivery of oxygen by the anemic 
subject is seriously hampered by the reduced 
available hemoglobin. Despite the attainment of 
cardiac outputs comparable to those of normal in- 
dividuals, oxygen intake is significantly depressed. 
It may be that the lack of anoxic symptoms, which 
might be expected to accompany such a very pro- 
nounced decrease in oxygen intake at high work- 
loads, is partly attributable to the maintenance of 
tissue oxygen tension resulting from dislocation of 


the oxygen dissociation curve in anemic subjects. 
It is apparent that a greater-than-normal oxygen 
debt must be contracted during severe exercise by 
the anemic individual, but the cardiovascular sys- 
tem seems to adjust itself to short periods of ex- 
treme effort so that this debt can slowly be repaid 
without producing undue distress. 


Carbon dioxide. Although most of the carbon 
dioxide given off by the tissues is carried by 
plasma rather than by the red blood cells, it is the 
erythrocyte which, largely through operation of 
the chloride shift, initiates and perpetuates the 
process of CO, transport. It is not surprising, 
therefore, that in anemic subjects, both at rest 
and during exercise, the usual indexes of CO, 
transport are distorted. 

Characteristically (15), the flattening of the 
CO, dissociation curve was usually reflected in 
these anemic subjects, at rest (Figure 3), by an 
elevated arteriovenous CO, tension difference rela- 
tive to the difference in the CO, content between 
arterial and venous blood. The latter was com- 
parable to that measured in our resting normal 
subjects. Also the arteriovenous pH difference, 
as is generally reported (15), was increased over 
normal in the anemic subjects and this increase 
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was achieved by virtue of increased alkalinity (due 
to hyperventilation) of the arterial blood plus a 
more pronounced acidity of the venous blood. 

A shift to the right of the O, dissociation curve 
(Figure 2 and Table II) resulted in a situation in 
which the venous oxygen saturations of anemic 
subjects were very significantly lower than normal, 
despite normal resting venous oxygen tensions. 
The difference between arterial and venous oxy- 
gen saturation thus tends to be exaggerated and 
since reduced hemoglobin is a weaker acid than 
oxyhemoglobin, the buffer power of the smaller 
available quantity of hemoglobin is enhanced and 
CO, transport is abetted. This effect, first pointed 
out by Christiansen, Douglas and Haldane (26), 
means that oxygenation of the blood has a more 
important effect on carbon dioxide transport than 
the converse effect of carbon dioxide on oxygen 
transport. At rest, this and other compensations 
occurring in anemia are capable of enhancing car- 
bon dioxide transport sufficiently so that the same 
total CO, output can be handled by resting normal 
and anemic subjects. 

It is very difficult to quantitate the various 
mechanisms whereby the process of carbon dioxide 
transport, despite compensation, might be unduly 
taxed in anemia, and the ability of the blood to 
transport increased loads of carbon dioxide is ex- 
ceeded. The importance of the decreased avail- 
able quantity of carbonic anhydrase (itself at- 
tributable to the paucity of red cells) in hampering 
CO, exchanges is not precisely known, particu- 
larly since these exchanges are not entirely de- 
pendent on the amount of CO, carried directly in 
red blood cells. As secondary buffering of the 
plasma contributed by the chloride shift enhances 
the overall importance of the catalytic hydration of 
carbon dioxide, it is possible that depression of 
this mechanism by a reduced red cell mass might 
be paramount. Diminished formation of car- 
bamino compounds associated with reduction in 
hemoglobin mass would probably be of secondary 
importance, since it has been calculated by Fer- 
guson (27) that changes in carbamino-bound CO, 
are responsible for only about 30 per cent of the 
total changes in CO, in whole blood during the 
respiratory cycle. 

It is obvious that the red cell mechanism for 
carrying carbon dioxide is not significantly ex- 
ceeded in anemic people during strenuous exertion, 
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in fact, the lower-than-normal CO, tensions dem- 
onstrated in anemic venous blood suggests that, 
during severe exercise, the removal of carbon di- 
oxide from the tissues may be performed more 
completely by anemic than by normal subjects. 
The total amount of carbon dioxide produced, 
however, is apparently very much less in the 
anemic people. The fact that the R.Q. of exer- 
cising normal and anemic subjects is the same 
indicates that an equal depression of oxygen and 
carbon dioxide transport occurs in severely ex- 
ercising anemic individuals. By the same token, 
it may be taken to reflect the fact that CO, pro- 
duction is coupled with oxygen consumption and 
therefore with aerobic metabolism. 

The A-V CO, tension difference of anemic sub- 
jects during severe exercise, while greater than 
that measured in resting anemic individuals, is 
much less than the difference recorded from nor- 
mal exercising subjects. This is in contrast to 
the resting state in which the A-V CO, tension 
difference is much greater in anemic than in nor- 
mal subjects. The narrowing of A-V CO, tension 
difference in exercising anemic, as compared with 


exercising normal, subjects can be explained as the 


end result of three factors. First, there is slight 
narrowing of the exercising anemic A-V CO, 
content difference as compared to normal. Sec- 
ond, a lowering of the absolute levels of both the 
arterial and the venous CO, tension of anemic as 
compared to normal individuals during severe ex- 
ercise means that the anemic subject is operating 
on a lower and steeper portion of the anemic CO, 
dissociation curve (15). Finally, the widening of 
the A-V oxygen difference during exercise in ane- 
mia to the widest possible limits results in maximal 
utilization of the Haldane effect (26) by the exer- 
cising anemic subject. Since most of this narrow- 
ing of the A-V CO, tension difference is the 
result of a relative reduction in venous CO, ten- 
sion, the phenomenon is, basically, a reflection of 
diminished CO, production and thus of reduced 
aerobic metabolism in anemia. 

If pH reflected the partial pressure of CO, only, 
one would expect the A-V pH difference to be 
smaller than normal in exercising anemic as op- 
posed to exercising normal individuals. However, 
hydrogen ion concentration is determined by other 
factors, in addition to pCO,; and the inadequacy 
of the buffering power of anemic, as opposed to 
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normal, blood was reflected during severe exer- 
cise by an A-V pH difference which, despite the de- 
creased A-V pCO, difference, was similar to that 
found in normal subjects. The degree of acidity 
produced, however, in the venous and secondarily 
in the arterial blood of the anemic subjects by 
violent exertion was not nearly so profound as 
that encountered in normal people exercising at the 
same levels. Some of this difference might be 
explained by an increased oxylabile ionization of 
the more desaturated anemic hemoglobin, since 
such increased ionization appreciably enhances the 
ability of hemoglobin to buffer acids (28). How- 
ever, it seems unlikely that such a mechanism 
could actually overcompensate for the reduced 
buffering capacity associated with the decreased 
hemoglobin mass. A comparable quantity of the 
acid production should still result in equal if not 
in greater hydrogen ion concentrations in the blood 
of anemic as compared with normal subjects. 

Since the total quantity of acid produced dur- 
ing exercise represents the sum of the end product 
of aerobic metabolism (carbon dioxide) and of 
anaerobic metabolism (lactic acid and similar sub- 
stances), the anemic individual, with his greatly 
diminished CO, production, must have a relative 
increase in anaerobic metabolism. Since the two 
groups of subjects were exercising at similar 
grades and speeds on the treadmill one would as- 
sume that their energy expenditure would also be 
very similar ; the anemic subjects, if anything, ex- 
pending more effort as work of breathing. Total 
metabolism, in turn, should be related to total 
energy expenditure and should be similar in the 
two groups of subjects. Although, as Huckabee 
(29) suggests, lactic acid alone is not necessarily 
a linear index of the degree of anaerobic metabo- 
lism, one would imagine that any combination of 
lactate and pyruvate plus other metabolites stem- 
ming from an anaerobic process would act to in- 
crease the hydrogen ion concentration. Assuming 
that immediate blood measurements reflect this 
change, the results obtained in this study would 
suggest that the anemic individual’s buffering 
mechanisms, temporarily at least, may be signifi- 
cantly augmented during exercise or that the end 
products of anaerobic metabolism are not so ef- 
fective in lowering the pH as is carbon dioxide. 

It may be, of course, that the end products of 
either aerobic metabolism, anaerobic metabolism or 
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of both are temporarily sequestered and, if meas- 
ured in the blood stream during the recovery phase 
following exercise, could be more logically corre- 
lated with the metabolic processes occurring dur- 
ing severe exertion. 


SUMMARY 


The cardiopulmonary responses of nine male 
patients with various types of anemia were com- 
pared with those of a larger number of normal 
subjects during heavy treadmill exercise. 

At rest, anemic individuals, by expanding 
available hemodynamic compensatory mechanisms, 
are able to handle the delivery of oxygen and 
transport of CO, in relatively adequate fashion. 
Compensation was achieved by several means 
which included an increased level of ventilation and 
cardiac output, a shift to the right of the oxygen 
dissociation curve, and an increased desaturation 
of venous blood which, because of the Haldane 
effect, augmented carbon dioxide transport. 

During strenuous exercise, these hemodynamic 
adjustments were insufficient to prevent a marked 
depression of both oxygen intake and carbon di- 
oxide production in comparison with those found 
in normal individuals exercising at comparable 
levels. Despite the evidence for an increase in 
anaerobic metabolism in anemic subjects, and in 
spite of the reduced buffering capacity reflected in 
the resting state by an increased A-V pH dif- 
ference, the arterial and venous pH was not lower 
than normal. The absence of a greatly exagge- 
rated arteriovenous pH difference during vigorous 
exercise suggests that there may be a lag in the 
release from the tissues of acid metabolites arising 
from anaerobic glycolysis in anemic patients. 
Nevertheless, they evidenced no more sympto- 
matic distress than did normal people during these 
same periods of violent exercise. 
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We are presenting here an evaluation of the 
functional capacity of the separate kidneys in sub- 
jects without cardiovascular renal disease, as back- 
ground for a similar study of patients with essential 
hypertension (1). 


METHCDS 


Observations have been made in 17 normotensive sub- 
jects selected from the wards of the Third (New York 
University) Medical Division of Bellevue Hospital. In- 
cluded in this report are observations made on 4 addi- 
tional subjects reported in a previous communication (2). 
The total group comprises 19 female and 2 male sub- 
jects between the ages of 20 and 68 years. All subjects 
were maintained on the regular hospital diet. Fluids 
were withheld for 15 hours and the test was performed 
in the morning on the fasting patients. 

After local anesthesia with 2 per cent metycaine, 
cystoscopy and ureteral catheterization were performed, 
employing Pederson multi-eyed ureteral catheters in- 
serted to a distance of 12 to 16 cm. Large diameter ca- 
theters (no. 8 through no. 6 Fr.) were utilized to mini- 
mize leakage.1 A soft rubber catheter was placed in the 
bladder to detect leakage around the ureteral catheters. 
In none of the observations reported here did meas- 
urable leakage occur. If leakage does occur, analysis 
of bladder urine permits partition between the right and 
left kidneys if the concentrations of the test substances are 
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‘In subject J.K. (Table I), it was not possible to pass 
the right ureteral catheter ; therefore, with the left catheter 
in place, the bladder was used for collection from the 
right kidney. These conditions are not favorable for 
reliable collection of urine from the separate kidneys 
since it is possible that the bladder specimen contains 
urine that has leaked from the catheterized ureter. When 
this manner of urine collection is unavoidable, a small 
amount of indigo carmine can be injected into the ure- 
teral catheter in order to detect leakage. 


different in the urine from the separate kidneys. The 
origin of the bladder urine cannot be determined when 
the concentrations are equal. 

All individuals were given 100 mg of sodium pento- 
barbital intramuscularly 30 minutes prior to cystoscopy. 
In some instances, the barbiturate was supplemented 
at the time of cystoscopy by the administration of 25 to 50 
mg of meperidine hydrochloride intravenously or 75 to 
100 mg intramuscularly. Surgical sterility was main- 
tained throughout the procedure. An antibiotic, either 
streptomycin or tetracycline, was sometimes administered 
for 24 to 48 hours preceding the test, and an antibiotic 
was invariably administered for 72 hours following the 
test. 

Satisfactory flow from both ureteral catheters was 
usually attained within 15 to 20 minutes after catheteri- 
zation. Timed urine samples were then collected for the 
determination of basal sodium, solute and water excre- 
tion. After injection of suitable priming doses. of inulin 
(IN) and f-aminohippurate (PAH), a sustaining infu- 
sion of these test substances dissolved in distilled water 
or in 0.85 per cent sodium chloride was administered 
at a rate of 2 ml per minute. 

Urine and appropriately timed venous blood samples 
were collected during 1, 2 or 3 periods totaling 30 to 40 
minutes for the determination of glomerular filtration rate 
(Cix), renal plasma flow (Cran) and sodium, solute and 
water excretion. This was followed by determination of 
the maximal tubular excretory capacity for p-aminohip- 
purate (Tmpan) (3). 

Inulin was determined by a modification of Harrison’s 
method (4) and PAH by the method of Smith and associ- 
ates (5). Osmolality of plasma and urine was determined 
by means of a thermistor bridge-null-point-detector unit, 
using a Johlin freezing point apparatus (6). Flame pho- 
tometry employing lithium as an internal standard was 
used for sodium determinations. 

Calculation of derived data. The per cent contribution 
of sodium and its attendant anions to the total osmolality 
of the urine was calculated from the osmotic coefficient 
of sodium chloride, 7 
centration : 


(7), for each urine sodium con- 


Uns! ¥ 190, (1) 


Per cent = = 
L osm 


where Una is the urine sodium concentration in milli- 
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equivalents per liter of urine, and Uosm is the urine solute 
concentration in milliosmoles per kilogram of water.? 
Excretion fraction (EF) of sodium or total solute is 
the percentage of the filtered load excreted in the urine: 
4 Uy. V 
EF. « «= 
™ PyaCin 
Uav 
PosmCin 


xX 100, (2) 


EF osm = X 100, (3) 
where V is the urine volume in milliliters per minute, 
Pye is the sodium concentration in milliequivalents per 
liter of plasma and Posm and Uosm are the respective 
plasma and urine solute concentrations in milliosmoles 
per kilogram of water. 

The differences between the right and left kidneys were 
calculated by dividing the difference, A, by the mean value 
for the two kidneys, yielding a per cent difference rela- 
tive to this mean: 


: A 2A 
Per cent difference = R+L xX 100 or RIL X 100. (4) 


2 


The per cent difference, rather than the absolute differ- 
ence, was chosen because it permits comparison of vari- 
ous functions in the two kidneys at different absolute 
values of these functions without identifying either kid- 
ney as normal or abnormal. 

It is conventional to define “normality” by recourse to 
probability theory and the use of parametric statistical 
analysis (mean + standard deviation), but the para- 
metric method has the disadvantage that it is applicable 
only when the frequency distribution curve approaches 
the symmetrical or Gaussian form. Since this curve is 
markedly skewed when an analysis is made of increasing 
variation between two positive terms, such as differences 
between the two kidneys, parametric analysis yields nega- 
tive (and physiologically meaningless) values at mean 
+ 2 standard deviations. A mathematically more appro- 
priate analysis is available in the nonparametric percentile 
method which permits analysis of increasing variation be- 
tween any two positive terms until one term becomes 
zero (8). Therefore, we have used the nonparametric 
percentile method in our analysis of the functional dif- 
ferences between the two kidneys. In addition, however, 
the same data were analyzed by the conventional para- 
metric method (mean + standard deviation) (8). 

By any method of statistical analysis, wholly arbitrary 
limits must be set beyond which “normal” variation passes 
into the “abnormal,” even when comparing the differences 


2 Because urine flow was measured in milliliters per 
minute rather than in grams of water per minute, these 
and later calculations must neglect the difference between 
osmolal (i, Posm and Uosm) and osmolar (Una) concen- 
trations; at physiological concentrations the error thereby 
introduced is negligible. The error is, however, larger 
in Equation 3, but may be neglected for our present pur- 
poses, especially since we are comparing urine composi- 
tion between the two kidneys. 
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between the two kidneys of normotensive subjects. Ac- 
cordingly, we have arbitrarily identified differences be- 
tween the two kidneys below the top ninetieth percentile 
group in variation as normal (or for clinical purposes, 
as identical). Differences above the ninetieth percentile 
group, i.e., that 10 per cent of the group which shows 
the greatest per cent differences, are arbitrarily desig- 
nated as not identical, or abnormal. This exclusion at the 
ninetieth percentile is statistically comparable to exclu- 
sion beyond the limits: mean + 1.6 standard deviations. 
Rather than use the term “abnormal,” however, we will 
refer to the ninetieth percentile group in variation by the 
noncommital term “disparate,” which is to be set against 
the clinically convenient terms “identical” or “equal.” 

For describing glomerular filtration rate (GFR), re- 
nal plasma flow (RPF) and Tmpas bilaterally (right 
plus left or R+L), as well as in all derived ratios, we 
have used the arithmetic means of these values. 


RESULTS AND DISCUSSION 


Function in the two kidneys in this series of 21 
subjects is identical, by our arbitrary definition, in 
16 individuals. Tables I and II give the specific 
functions studied and the differences expressed as 
percentages. Table III gives the data pertinent to 
nonparametric analysis, the last column showing 
the maximal per cent difference at the ninetieth 
percentile cutoff level. Table IV gives the data on 
all subjects analyzed by the parametric method. 

The advantage of setting arbitrary limits for 
identical function on the two sides lies in the fact 
that it invites detailed examination of the most 
highly aberrant values. It is noteworthy in this 
respect that all disparities in function beyond the 
ninetieth percentile levels occur in the same five 
subjects. In two of these five subjects, C.K. and 
A.D., the left kidney showed proportionately 
greater GFR, and sodium and total solute excre- 
tion, suggesting that this left kidney was larger 
than the right, an interpretation in conformity 
with known differences in kidney weight (9, 10). 
In D.E., despite equal values of V, disparately 
small values of Uy, and Uosm coincided with small 
values of GFR, RPF and Tmpag on the right side, 
suggesting either unilateral or bilateral disease with 
unequal impairment in function. In a fourth sub- 
ject, J.K., Ung and Uosm were disparately low on 
the right side although all other functions were 
identical. In the fifth subject, M.H., a difference 


3In a sixth subject, K.M., disparity in Una at small 
values of this term was not considered significant. 
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TABLE III 


Per cent differences in functions of the separate 
kidneys in normal subjects * 








90th 
Percentile 
per cent 
difference 


Median 
per cent 
difference 


Range 
per cent 


Function difference 





6.36 
5.12 
4.36 
7.85 


3.78 


13.0 

12.1 
8.22 

10.2 


6.75 


Cin 
Cran 
F.F. X 100 
Tmpaz 
_Cw 
Tmpax 

Cran 2.90 
Tmpax ; 
J 21 j - 3.05 
3.70 


11.1 


10.3 
15.5 
14.4 
16.1 
13.3 


6.43 


11.2 
7.75 


Una 17 
UnaV 17 5.35 
Ucem 17 i , 3.22 
UcemV 17 b : 5.72 


Unet 10017 3.16 
6.15 


L 
1.95-15.9 
3.46 


0.00-10.8 


EFx. X100 17 
EF on, X100 17 





* See Methods section for abbreviations. 


in GFR accompanied by identical UyaV and UosmV 
resulted in disparity in EFy, and EF osm. 

When disparities are found in apparently normal 
individuals, these may represent the extremes of 
normal variation, the inclusion of subjects with re- 
nal disease, or an effect of instrumentation, i.e., re- 
flex responses or partial obstruction of urine flow 
by clots or edema of ureteral mucosa. 


TABLE IV 


Parametric statistical analysis of differences in functions of 
the separate kidneys in normal subjects * 





Mean 
per cent 
difference 


Range 
per cent 
difference 


Standard 


Function deviation 








Cw .37-21.2 7.59 
Cpan .32-20.2 6.34 
F.F. X 100 7 .00-10.6 4.21 
Tmpax 33-1 5 7.85 
CIN .99— 7.78 4.05 
Tmpan 
"PAH 
Tmpan 
v 


5.04 
4.94 
3.16 
3.92 


2.30 


4.42 


6.16 
6.53 
6.14 
7.20 
5.87 


3.06 


4.24 
2.91 


0.64-13.5 


0.00—26.3 
1.48-26.7 
0.00-24.2 
0.12-27.0 
0.00—24.1 


0.00—10.7 


1.95-15.9 
0.00-10.8 


5.16 


5.18 
6.99 
7.55 
5.81 
6.83 


3.85 


6.52 
4.62 


Una 
UneV 


osm 


a a a 


es 2 


Uns? » 100 
EF x. X 100 
EF oom X 100 


—— 





* See Methods section for abbreviations. 


Anatomical studies of kidney weight and size and 
roentgenographic measurements indicate that the 
two kidneys are approximately equal, although the 
mean values are larger for the left kidney (9, 10). 
Our physiologic observations agree with these 
data in that the average values of GFR, RPF, 
Tmpan, UnaV and UosmV are greater for the left 
kidney than for the right.* One consequence of a 
consistent difference in function in respect to GFR 
and Tmpay is that the derived values of GFR/ 
Tmpan are the same on both sides. Although most 
of the individuals in this study were females, the 
available evidence (9, 10) indicates that the rela- 
tive magnitude of difference in size and function 
between the two kidneys is similar in the two sexes. 

Our bilateral measurements (calculated as R + 
L) for GFR agree with the reported average for 
females determined by bladder catheterization 
(R+L, 114; bladder, 109 ml per minute) (3). 
Our lower RPF (R + L, 524; bladder, 592 ml per 
minute) and increased filtration fraction (21.7 as 
calculated for each kidney ; bladder, 19.4 per cent) 
may be attributable to reaction from cystoscopy and 
ureteral catheterization, even though the time from 
first manipulation to urine collection was in all 
instances over 60 minutes, or to discomfort from 
the prolonged recumbent position. 

Hix (11) has demonstrated that unilateral 
trauma to the exteriorized ureters in dogs results 
in unilateral and ipsilateral reduction in GFR and 
RPF. We have noted that within a few minutes 
after catheterization the urine flow was occasionally 
reduced and remained so for five to ten minutes. 
This usually occurred at a time when urine flow 
was initially low and technical difficulty in ureteral 
catheterization had been encountered. 

Differences between the two kidneys in sodium, 
solute and water excretion during hydropenia and 
before infusion of test substances were generally of 
the same order as those present later in the test 
period (Table V). In 2 (C.A., LF.) of 13 ob- 
servations, there were disparities in the basal ex- 
cretion of sodium, solute and water which were not 
confirmed during the infusion of inulin and PAH 
in saline or water administered at a rate of 2 ml 
per minute. It is possible that these disparities are 


4GFR, R=55.6, L=58.1 ml per minute; RPF, R= 
256, L= 268 ml per minute; Tmpan, R = 43.0, L = 45.0 
mg per minute; UxaV, R=0.12, L=0.13 mEq per min- 
ute; UssmV, R= 0.42, L=0.44 mOsm per minute. 





TABLE V 


Basal excretion of water, sodium and solute * 
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0.39 0.41 
0.23 0.24 
0.40 0.32 


0.74 0.70 
0.26 0.30 
0.60 0.58 


0.44 0.48 
0.46 0.45 
0.72 0.87 
0.58 0.51 
0.64 0.60 
0.54 0.51 


SuirGydaddgtuni 
Al el- per d-4o) 11>) 














* Excretion rates are corrected to 1.73 sq m body surface area and calculations of per cent difference utilize three significant figures. 


Values are rounded off 


See Methods section for abbreviations. 


to two decimal places. 
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the result of a temporary reflex disturbance or an 
error in urine collection. Our data indicate, how- 
ever, that gross changes in hemodynamic function 
do not occur in normal man following ureteral 
catheterization. 


SUMMARY AND CONCLUSIONS 


1. Observations were made on the functional ca- 
pacity of the separate kidneys in 21 subjects free 
of cardiovascular renal disease. 

2. Hemodynamics, maximal tubular excretory 
capacity for p-aminohippurate, and sodium, solute 
and water excretion of the separate kidneys in nor- 
mal man are comparable. Functional differences in 
excess of 15 per cent are abnormal on the basis of 
the present observations. Disparities of function 
in apparently normal individuals probably repre- 
sent extremes of normal variation or unidentified 
renal disease. 

3. The functional data confirm the anatomic ob- 
servations of the predominance of the left kidney. 

4. Ureteral catheterization does not induce gross 
The 
relative differences between the two kidneys in re- 


renal hemodynamic changes in normal man. 


spect to sodium, solute and water excretion are not 
altered by the infusion of inulin and p-aminohip- 


purate administered at 2 ml per minute. 
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(Submitted for publication July 8, 1959; accepted October 19, 1959) 


The frequent coincidence of hypertension and 
renal disease is universally recognized, and it has 
been proposed that all hypertensive disease, in- 
cluding essential hypertension, somehow or other 
has its origin in the kidneys. This interpretation 
would be favored by the demonstration of one or 
more defects in renal function early in the course of 
essential hypertension. Although the presumed 
causal defect may, of course, be bilateral, the only 
feasible approach to this problem at the present 
time appears to lie in the functional comparison of 
the separate kidneys, which might reveal some 
subtle impairment not evident in bilateral studies. 

In 1941, Chasis and Redish (1) examined 21 
patients with essential hypertension by conven- 
tional methods and found that both kidneys were, 
grossly at least, equally affected. At that time, no 
data were available on the natural variability of 
function in the two kidneys of normotensive indi- 
viduals. We have extended these observations by 
examining function in the separate kidneys, by 
ureteral catheterization, in 21 normotensive and 
50 additional hypertensive subjects with respect to 
filtration rate, renal plasma flow, Tmpau, sodium, 
total solute and water excretion. 

In the preceding paper (2) we have described 
the functional capacity of the separate kidneys in 
normotensive individuals and, in so doing, have 
defined a ‘normal’ limit of difference between the 


two kidneys for renal hemodynamics and sodium, 
The present study 


solute and water excretion. 

* This investigation was supported in part by funds 
from the Abraham S. Birsh Fellowship Fund, the Joseph 
Laffan Morse Foundation and Grants H-3272 and H-1172 
from the National Heart Institute, Bethesda, Md. 

+ Presented at the Fifty-first Annual Meeting of the 
American Society for Clinical Investigation, May 4, 1959, 
Atlantic City, N. J. 

+t Research Fellow, The American Heart Association. 

§ Research Fellow, The New York Heart Association. 


compares the incidence of functional disparity in 
patients with essential hypertension to our normo- 
tensive group and also describes patterns of renal 
functional impairment which have been derived 
from correlating disparities in sodium and solute 
excretion. 


METHODS 


Observations were made in 50 patients with essential 
hypertension selected from the wards and outpatient 
clinic of the Third (New York University) Medical Di- 
vision of Bellevue Hospital. Patients were chosen with 
minimal retinal and cardiac abnormalities according to 
heart X-ray, electrocardiogram and funduscopic exami- 
nation, and the majority were judged to be in the early 
stage of essential hypertension, Patients known or sus- 
pected of having gross renal arterial or urologic disease 
were excluded. 

The group consists of 43 female and 7 male patients 
between the ages of 14 and 65 years. All patients were 
maintained on the regular hospital diet. Fluids were 
withheld for 15 hours and the test was performed in 
the morning with the subjects in a fasting state. 

Ureteral catheterization and the subsequent determina- 
tion of filtration rate (GFR), renal plasma flow (RPF), 
Tmpan, and sodium, solute and water excretion (Un.V, 
UesmV and V) by the separate kidneys were performed 
according to the technique and methods outlined in the 
preceding paper (2). Calculations were made of sodium 
excretion fraction (EFx,), solute excretion fraction 
(EFosm) and the per cent contribution of sodium and its 
attendant anion to the total urine osmolality (Unat/Uosm X 
100). 

The data were examined to determine the incidence of 
disparities for each function according to the normal 
limits of difference between the two kidneys as established 
in the normotensive group. 


RESULTS 

Values for GFR, RPF, Tmpan, V, Una, | 3 
and derived data in the separate kidneys of 50 hy- 
pertensive patients are presented in Tables I and 
II. Normal limits for disparate function are de- 
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alues for excretion rates are rounded off 


* Clearance and excretion rates are corrected to 1.73 sq m body surface area and calculations of per cent difference utilize three significant figures. 


to two decimal places. 


See Methods section for abbreviations. 
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fined and evaluated clinically in our preceding pa- 
per on rormotensive subjects (2). 

Renal hemodynamics and Tmpay. Disparity 
was observed with respect to: GFR, in 22 out of 
50 patients; RPF, in 17 out of 36; and Tmpag, 
in 13 out of 30 (Figure 1). 

Filtration fractions were equal in the two kid- 
neys in 32 of 36 patients, indicating that the 
mechanism that operates to elevate this function 
in hypertensive disease affects both kidneys equally. 
Equal filtration fractions were present in 13 of 17 
patients with disparities in RPF, and may be at- 
tributed either to total loss of nephron function or 
to undisturbed relationship of efferent to afferent 
resistance in the presence of decreased blood flow 
to one kidney. Proportionally greater decrease in 
RPF than in GFR accounted for the disparate 
filtration fractions in the remaining 4 patients, 
suggesting increases in efferent resistance uni- 
laterally. 

The RPF/Tmpay ratio was equal in the two 
kidneys in 13 of 19 patients, and the GFR/Tmpan 
ratio was equal in 19 of 30 patients. In the 6 pa- 
tients with disparate RPF/Tmpag ratios, half had 
relatively greater ischemia in one kidney whereas 
the others had relatively greater loss in Tmpan. 
In the 11 patients with disparate GFR/Tmpan 
ratio, disproportionate reduction in Tmpan was 
found in six. 

In relating RPF to Tmpan, unilateral ischemia 
or hyperemia can be identified by comparison of 
the ratio, Cpan/Tmpan, with the normal value of 
6.10+1.10 (SD), as determined in our uni- 
lateral studies in normotensive subjects. This 
ratio was within one standard deviation of the 
mean in both kidneys in 6 patients; decreased in 
10 in both kidneys, indicating bilateral ischemia ; 
and in 2 it was increased in both kidneys, indi- 
cating bilateral hyperemia. In 1 patient only 
(M.BI.) was unilateral ischemia present. 

When the GFR/Tmpagq ratio exceeds the nor- 
mal value of 1.27 + 0.25 (SD), it may indicate 
the presence of “impotent” tubules. In only 2 in- 
stances were “impotent” tubules found in one 
kidney, while in 6 this ratio exceeded the normal 
in both kidneys, and in the remaining 22 the ratio 
was normal or depressed in both. 

Urine concentration and excretion of sodium 
and total solute. Disparities in UyaV were ob- 
served in 23 out of 38 patients and in UogmV in 22 
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Fic. 1. INCIDENCE OF FUNCTIONAL DISPARITY BETWEEN 
THE SEPARATE KIDNEYS IN 50 PATIENTS WITH ESSENTIAL 
HYPERTENSION. 


out of 35 (Figure 1). The relationship of sodium 
to solute excretion was equal in the two kidneys 
in 34 of 36 patients, giving equal ratios for Uyat/ 
Uosm (Figure 1) over a wide range of Uy,V and 
UosmV. The equality of this ratio was also main- 
tained in 22 of 23 patients with disparities in Ux,V 
and UssmV. This suggests that Uy,aV and UosmV 
are affected alike by the functional disturbances 
which produced the disparities between the two 
kidneys. 

Uosm was equal in the separate kidneys in 32 out 
of 36 patients and Ux, in 35 out of 39 (Figure 1), 
roughly indicating equal concentrating capacity of 
the two kidneys during moderate hydropenia. The 
data do not permit the accurate comparison of 
concentrating capacity since the protocol did not 
provide for prolonged hydropenia, controlled diet 
with respect to sodium and protein intake, or rou- 
tine administration of Pitressin. 

Urine volume. Disparities in volume (V) were 
observed in 32 out of 50 patients (Figure 1), and 
may be attributed to differences in solute loads or 
in urinary concentrating process. Values for 
UosmV are available in 25 of the 32 patients with 
disparities in V; in 21, Uosm was equal in the two 
kidneys, indicating that disparities in V primarily 
reflect disparities in solute excretion. In patients 
B.T. and J.S., unilateral decreases in both Uosm 
and V indicate diminished concentrating ability in 
the presence of reduced solute load. In H.G., 
reduction in Uosm on the left with equal U,.1V in 
the two kidneys represents disparity in concentra- 
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ting ability with equal solute loads. In patient 
M.BI., V in the left kidney exceeded the right by 
117 per cent while Uosm on the left was 44 per cent 
less than on the right; this probably represents a 
decrease in Uosm resulting from excessive loading 
on the left rather than from impaired concentrating 
ability. 

Comparison of parenchymal functions with sodium 
excretion.’ In 14 patients (Group A, Table IIT) 
filtration rate and UyaV were equal in the two 
kidneys. Tmpan was disparate in 4 patients and 
may indicate unilateral impairment of PAH trans- 
port. The remaining 10 patients showed no evi- 
dence of unilateral renal impairment. 

In 12 patients, despite equality in filtration rate, 
UnaV was disparate; while in 5 patients UyaV 
was equal but the filtration rate was disparate, giv- 
ing 17 patients in whom EFy, was disparate 
(Table III, Group C). 

Disparities in both filtration rate and sodium ex- 
cretion were present in 19 patients, in 7 of whom 
the degree of disparity in sodium excretion ex- 
ceeded that for filtration rate, giving disparities in 
EFx, (Table III, Group C). 

In the remaining 12 patients, sodium excretion 
and filtration rate were reduced proportionally in 
one kidney, leaving the EFy, equal (Table III, 
Group B). 

Thus, among these 50 hypertensive patients, 14 
showed no disparity in either filtration rate or in 
sodium excretion (Group A). Twelve showed 
proportional disparities in filtration rate and so- 
dium excretion, and hence equal EFy, (Group B), 
while 24 showed disproportional disparity with un- 
equal EFy, (Group C). 

The question now arises, can an abnormal kid- 
ney be identified by the sodium excretion fraction ? 
To examine this point, the differences in sodium 
excretion (Uy,V) may be plotted against those in 
filtration rate (GFR), both expressed as per cent 
of the mean bilateral value (Figure 2). Taking 
differences in GFR as the primary variable, dif- 
ferences in UyaV are plotted as positive values 
when reduction in both Uy,V and GFR occur in 
the same kidney; differences in UyaV are plotted 


1 Since the ratio Unat/Uosm was equal in all but two 
instances, reference is made only to sodium. In 11 of the 
50 patients in whom data on UosmV and UnaV are not 
available, V has been considered to reflect these two func- 
tions, since in 35 of the 39 other patients V was found 
to vary with UnaV or UosmV. 
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as negative values when the kidney with reduced 
GFR has a greater sodium excretion. Points that 
fall along the bisector represent equal EF ya, and 
include patients with no disparity in either function 
(Group A, open circles) or equal reduction in 
both functions in the same kidney (Group B, 
triangles). Points that fall off the bisector repre- 
sent patients with unequal EFy, (Group C, solid 
circles). In all but three instances, the solid cir- 
cles fall above the bisector because an excessive 
reduction in sodium excretion coincides with a 
lower filtration rate. This suggests that reduction 
in filtered load is primary and may serve to identify 
the kidney with the lower EF yg as the abnormal 
one. Since in three patients the kidney with the 
lower GFR had a greater EF y, (solid circles be- 
low the bisector), the possibility exists that an ab- 
normal kidney may sometimes be characterized 
by a larger EFy,, as in M. BI., who showed an 
abnormally large sodium excretion on the left side. 


DISCUSSION 


Significant functional disparities between the 
two kidneys have been observed in 40 out of 50 
randomly selected patients with essential hyper- 
tension. 

The patients with functional inequality have 
been divided into two groups, according to whether 
there was equality or disparity between the two 
kidneys in the excretion fraction for sodium. 
Where there is equality in the EFy, of the two 
kidneys, we favor the explanation that there has 
been disparate total loss of nephron function so 
that tubular reabsorption of Na relative to filtered 
load remains unaltered in the kidney with propor- 
tionally reduced GFR and UyaV. The concept of 
disparate loss of total nephron function is strength- 
ened by the fact that the lower GFR and Uy, V 
were frequently associated with proportional re- 
duction in Cpan and Tmpan, giving equality of 
the ratios of Cyx and Cpay to Tmpag in the two 
kidneys. This explanation is not supported by 
the findings of Blake (3) in the dog in which com- 
plete cessation of flow to a portion of the ne- 
phrons by clamping a branch of the renal artery 
resulted in an overall increase in GFR/Tmg, 
V/GFR and Cosm/GFR, with a decrease in Uoem, 
which the author attributed to increased load de- 
livered to the remaining functioning units. A pos- 
sible explanation for this discrepancy may be found 
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in the greater magnitude of the unilateral changes 
induced acutely by Blake in the dog as compared 
to the relatively lesser disparities observed by us 
in hypertensive patients. 

Disparity in the EFy, of the separate kidneys 
implies an alteration in the relationship of filtered 
load to tubular reabsorption of sodium. This 
might suggest the presence of a tubular defect in 
one or the other kidney, resulting in either exces- 
sive or reduced reabsorption of sodium. However, 
comparison of excretion fractions as a measure of 
tubular reabsorptive activity is meaningful only 
when filtered loads are equal (4). Since small 
decrements in filtered load of sodium result in 
disproportionate decreases in excretion rates (5, 
6), it is necessary to compare the loads when dif- 
ferences in excretion fractions are encountered in 
the separate kidneys. When this comparison was 
made in our subjects we found that in most pa- 
tients with disparities in EFy,, GFR is lower in 
the kidney with lesser EFy,. We have interpreted 
this as evidence that reduction in filtered load is 
primary and that this, rather than excessive reab- 
sorption due to a tubular defect, accounts for the 
disparity in EF y, and identifies the kidney with 
lower EFy, as the abnormal one. 

Where there is reduction in EF y,, we favor the 
explanation that nephrons are present with re- 
duction, but not cessation, of filtration, perhaps as 
a result of partial occlusion of the main renal ar- 
tery or one of its subsidiary branches. Once again 
our hypothesis is not supported by the findings of 
Blake (3) when he partially occluded the main 
renal artery of one kidney in the dog, since he ob- 
served an increase in Uysm under these conditions 
and attributed it to a reduced filtered load in all 
nephrons. However, our observations were made 
during hydropenia and at relatively low solute 
loads, and under these circumstances reduction in 
Uosm would not be anticipated from small reduc- 
tions in filtered loads. 

Only two of our patients were found to have 
functional disparities consisting essentially of de- 
creased urinary volume and decreased urinary so- 
dium and solute concentration in one kidney, the 
functional pattern which Connor, Berthrong, 
Thomas and Howard (7) have described as char- 
acterizing a kidney responsible for hypertension 
and which they have applied successfully in select- 
ing patients for nephrectomy. Although both of 
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Fic. 2. RELATIONSHIP BETWEEN DIFFERENCES IN SO- 
DIUM EXCRETION AND DIFFERENCES IN FILTRATION RATE OF 
THE SEPARATE KIDNEYS IN 38 PATIENTS WITH ESSENTIAL 
HYPERTENSION. Taking difference in GFR as the pri- 
mary variable, difference in UnaV is plotted as a positive 
value when reduction in both is present in the same kid- 
ney, and as a negative value when the kidney with the re- 
duced GFR has the greater UnaV. Open circles (O) 
indicate patients with no disparity in either function and 
fall within the broken lines which represent the normal 
limits of difference. Triangles (A) indicate patients 
with equal reduction in both functions in the same kid- 
ney (equal EFy.) and hence fall along the bisector. 
Closed circles (@) represent patients with unequal so- 
dium excretion fractions and fall off the bisector. 


our patients were initially diagnosed as having es- 
sential hypertension, in one instance (L.J.*) the 
patient proved to have hyperaldosteronism, and 
in the other (J.S.) tubular calcification, colloidal 
degeneration and atrophy were present. In neither 
case was nephrectomy effective in reversing the 
hypertensive process. On the basis of this ex- 


perience we suspect that a variety of disease proc- 


esses can involve the kidneys unequally, and that 


2 The initial observations on L.J. (Table II) showed 
no disparity between the two kidneys; however, serial 
observations over a three year period demonstrated pro- 
gressive functional impairment in the right kidney con- 
sisting of decreased urine volume and urinary sodium 
and solute concentrations—V (ml per min): R= 0.60, 
L=1.05; Una (mEq per L): R=151, L=222; Uscem 
(mOsm per kg HO): R= 584, L = 633. 
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the functional pattern described by Connor and 
associates does not necessarily identify a kidney 
which is responsible for the hypertensive process. 
It seems unlikely, with out present techniques, 
that any particular pattern of renal functional dis- 
parity will prove to correlate consistently with the 
presence of a unilateral pressor mechanism. For 
this reason we are extending our comparison of 
the two kidneys in hypertensive patients to in- 
clude additional functional parameters and a va- 
riety of experimental conditions. 

The interpretation of quantitative functional im- 
pairment in terms of structural changes is subject 
to several limitations. For example, reduction in 
filtration rate may result from cessation of filtra- 
tion due to loss of nephrons in local areas or from 
reduced filtration in nephrons more widely dis- 
tributed. We have attempted to choose between 
these two possibilities by comparing the EFy, of 
the separate kidneys on the premise that propor- 
tional reduction in both Uy,V and GFR probably 
indicates loss of nephrons. This proved to be so 


in two-thirds of our patients with disparity in 
GFR, while in the others reduction in UygV ex- 


ceeded that for GFR, and we have concluded that 
here there has been reduction but not cessation of 
filtration in some nephrons. Proportional reduc- 
tion in Tmpay supported our concept of loss of 
nephrons in most instances; and equal Tmpan in 
the separate kidneys was generally observed when 
we had concluded on the basis of unequal EF yx, 
that there was reduction in filtration but not total 
loss of nephron function. However, values for 
Tmpan do not necessarily provide a measurement 
of tubular mass, since reduction in Tmpan may 
result from impairment of the transport system for 
PAH rather than from loss of functioning ne- 
phrons. Furthermore, hypertrophy of some ne- 
phrons may yield normal values for Tmpan when 
there has been, in fact, diminution in the total 
number of nephrons. 

Loss of nephrons may be obscured in functional 
measurements by hypertrophy of remaining ne- 
phrons in the same kidney, or comparison between 
the two kidneys may be affected by hypertrophy in 
one organ in response to impairment in the other, 
so that the observed functional differences may 
represent the sum of loss in one and hypertrophy 
in the other. Although compensatory hypertrophy 
can affect the degree of disparity between the two 
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kidneys and the apparent extent of reduced func- 
tion in one kidney, we attempted to minimize this 
factor by employing a method of comparison in 
which difference between the two kidneys for a 
given function is related to their mean value rather 
than the relation of right to left kidney. 

The significance of disparities observed in the 
individual hemodynamic and excretory functions 
may be clarified by comparing the Cyy/Cpan, 
Cix/Tmpan, and Cpan/Tmpag ratios with normal 
values as well as by comparing the ratios in the 
separate kidneys. In the majority of our patients 
we found that Cyx/Cpan and Cix/Tmpan were 
increased over normal values and that Cpan/Tmpan 
was decreased, confirming the presence of an in- 
crease in relative efferent arteriolar resistance, im- 
potent tubules, and relative ischemia in the hyper- 
tensive kidney (8). Generally, these ratios were 
equal in the separate kidneys, indicating that as the 
hypertensive process progresses, both kidneys, in 
respect to hemodynamics and tubular excretory 
capacity for PAH, are affected qualitatively in a 
comparable manner. However, our present ob- 
servation that disparity exists in the individual 
functional parameters demonstrates that quanti- 
tatively the two kidneys are affected to a different 
extent. 

The validity of our results depends on accurate 
and complete collection of urine from the separate 
kidneys. Failure to collect all the urine from one 
or both kidneys due to leakage about the ureteral 
catheters could have particularly influenced the re- 
sults in those instances in which we found propor- 
tional disparity in all parameters of renal function 
(Group B). Here the urine from the separate kid- 
neys is qualitatively identical and the differences 
between the two depend solely on disparate urine 
volumes, a circumstance which might arise from 
incomplete urine collection. Disproportional re- 
ductions in filtration rate and sodium excretion 
(Group C) require that not only urine volume but 
also urinary concentrations vary between the two 
kidneys, so that leakage alone could not account 
for this type of disparity in function. 

We have taken strict precautions for the pre- 
vention and detection of possible leakage of urine 
about the ureteral catheters. Large diameter, 
snugly fitting no. 8 Fr. catheters (no. 7 or 6 Fr. 
when the ureters could not accommodate the larger 
catheters) were inserted a distance of 12 to 16 cm 
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from both ureteral orifices, and in all instances a 
soft rubber urethral catheter was left in place in 
the bladder.* Constant or intermittent intrave- 
nous administration of phenol red or indigo car- 
mine was performed so that leakage would readily 
be demonstrable by the appearance of any dye in 
frequently obtained bladder washouts. We have 
demonstrated repeatedly by this technique that the 
ureters can be effectively occluded, especially at 
low urine flows. Another method which we have 
used for the detection of leakage has been to in- 
ject dye into one of the ureteral catheters; ap- 
pearance of color in the bladder irrigation not only 
indicates the presence of leakage but also identifies 
the side from which leakage is occurring. In the 
series reported here we have included no data ob- 
tained from studies in which any leakage occurred, 
except in the case of R.D., in whom the urine from 
the two kidneys differed qualitatively so that the 
origin of the leakage, i.e. left kidney, could be de- 
termined, and the appropriate correction in urine 
volume was made. 

It appears that the techniques we have used for 
the collection of urine and detection of leakage are 
effective and reliable since repeat studies in many 
of our patients have consistently confirmed the re- 
sults of earlier tests of separate kidney function in 
these same patients. This has proven to be so 
under a variety of experimental protocols and over 
a wide range of urine volumes. Furthermore, it 
is unlikely that leakage accounts for the high inci- 
dence of disparity between the two kidneys of the 
hypertensive patients as compared to the normo- 
tensive subjects, since both groups were studied 
under identical conditions. 

Disparity in function between the two kidneys 
in essential hypertension may result from unequal 
involvement of the kidneys either by a hypertensive 
process of extrarenal origin, or, alternatively, by 
a disease of renal origin which is responsible for 
hypertension. Cyy, Cpan, and Tmpan were in the 
normal range for each kidney * in 20 of the 50 hy- 


3In only 3 patients (M.F., G.B. and T.D.) was it 
necessary to perform the test utilizing urine from a ure- 
teral catheter for one kidney and bladder urine for the 
other. 

4Function was considered reduced when the value 
was more than 1 o below the mean obtained from uni- 
lateral observations in normotensive subjects—Cin, 57 + 
7.1 (SD) ml per minute; Cras, 261 + 60 (SD) ml per 
minute; Tmpan, 44+ 10.3 (SD) mg per minute. 


403 


pertensive patients (Table III). Disparities be- 
tween the two kidneys were found in 15 of these 
20, indicating that impairment was present in one 
kidney even though its hemodynamics were not 
diminished beyond the normal range. This dem- 
onstrates that a renal abnormality may be present 
early in the disease and is compatible with a renal 
origin of the hypertensive process. The incidence 
of disparities in the remaining 30 patients, who had 
reduction in renal hemodynamics, was no greater 
than in the 20 in whom these remained in the nor- 
mal range (25 out of 30 in comparison with 15 out 
of 20), suggesting that a disparity which is present 
at the onset of essential hypertension may persist 
despite progressive involvement of both kidneys. 
Finally, failure to find disparity between the two 
kidneys need not exclude a primary renal role in 
the pathogenesis of essential hypertension, since 
the defect may be present to the same extent in 
both kidneys or may not affect the functions which 
we have examined. 


CONCLUSIONS 


1. Functional disparity between the two kidneys, 
exceeding that found in normotensive subjects, 
has been observed in 40 out of 50 patients with es- 
sential hypertension. 

2. Disparity is present early in the disease. 

3. Two patterns of disparity have been described. 
One suggests disparate total loss of nephron func- 
tion; the other disparate decrease in filtration rate 
with consequent reduction in sodium excretion, or 
disparate reabsorption of sodium due to a tubular 
defect. 

4. In view of the fact that a renal abnormality, 
as evidenced by functional disparity, is present 
early in the disease, the possibility exists that in- 
trinsic renal disease may play a causal role in the 
genesis of essential hypertension. However, it is 
equally consonant with our data to believe that a 
hypertensive process not of renal origin may in- 
vade the two organs unequally. 
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The relatively simple composition of hyaline 
cartilage (1, 2) offers a unique opportunity to in- 
vestigate the mechanism of erosion of this tissue 
in the presence of inflammatory synovitis. Shat- 
ton, Schubert and Malawista (1, 2) have shown 
that about half of the dry weight of bovine nasal 
cartilage consists of chondromucoprotein material. 
A protein preparation of similar composition has 
been isolated from human rib cartilage (3). The 
other half of dried cartilage consists mainly of 
collagen (2). In the absence of evidence of an 
enzyme that can attack native collagen at physio- 
logical pH, it appeared logical to investigate the 
possibility that the primary process occurring dur- 
ing the erosion of cartilage was the degradation of 
the chondromucoprotein. Accordingly, the effect 
of extracts of leukocytes and inflamed synovial 
membrane on the chondromucoprotein was studied. 

Chondromucoprotein as extracted by Shatton 
and Schubert (1) contains about 70 per cent chon- 
droitin sulfate and 30 per cent protein. It is wa- 
ter-soluble and highly viscous in solution. The 
latter property is in contrast to that of free chon- 
droitin sulfate, which forms solutions of relatively 
low viscosity. On the basis of this difference, the 
rate of breakdown of the mucoprotein under the 
influence of cell-free extracts of leukocytes from 
the peripheral blood and of synovial membranes 
from patients with a variety of arthritides has been 
measured. Rapid decrease in viscosity on treat- 
ment with extracts of normal leukocytes and rheu- 
matoid synovial membranes has been observed. 
This has been paralleled by chemical evidence of 
degradation of the chondromucoprotein. It is sug- 
gested on the basis of the data obtained that the 
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dissolution of cartilage in rheumatoid arthritis and 
in other inflammatory arthritides occurs as a re- 
sult of this process. 

Shatton and Schubert (1) and Muir (4) have 
shown that crystalline trypsin and papain, re- 
spectively, reduce the viscosity of chondromuco- 
protein preparations in vitro. The results reported 
in the present paper have been previously published 
in abstract form (5). 


METHODS 


Chondromucoprotein.1 This was prepared from bovine 
nasal cartilage by the method of Shatton and Schubert 
Cry. 

Leukocyte extracts. Pellets of leukocytes obtained 
from the peripheral blood of normal subjects and of 
hospitalized patients with a normal peripheral blood pic- 
ture were prepared by the addition of 1 vol of 6 per cent 
dextran solution to 3 vol of heparinized blood distributed 
in 15 ml conical centrifuge tubes. After allowing them 
to stand for 1 hour at 37° C, the supernatants were re- 
moved and centrifuged. The pellet obtained from 60 ml 
of heparinized blood was taken up in 2 ml of distilled 
water and alternately frozen and thawed 10 times using 
an ice-salt bath. The mixture was then ground in a 
small glass homogenizer and centrifuged. The clear 
pink supernatant was brought to a volume of 3 ml. 

Synovial membrane extracts. Synovial membrane was 
obtained through the cooperation of Dr. R. L. Preston 
from patients with rheumatoid arthritis, ankylosing 
spondylitis, and osteoarthritis of the hip and knee, who 
were undergoing joint surgery. The fresh synovial tis- 
sue was minced with scissors in the cold. Approxi- 
mately 2.5 g of minced tissue was homogenized in 2.5 ml 
of water using a glass homogenizer. The homogenate 
was then alternately frozen and thawed 10 times using an 
ice-salt mixture and cleared by centrifugation. 

Viscosity measurements. Four ml of a 0.5 per cent 
solution of the chondromucoprotein in neutral saline- 
phosphate buffer (0.075 M sodium chloride and 0.075 M 
phosphate) was pipetted into a 4 ml Ostwald viscosimeter 
placed in a water bath at 37° C. Following a period of 
15 minutes for temperature equilibration, 0.1 ml of leuko- 
cyte or synovial membrane extract was added, the solu- 


1 We are indebted to Dr. Maxwell Schubert for a num- 
ber of samples of bovine and human chondromucoprotein. 
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tion was rapidly mixed and viscosity readings were made 
at fixed time intervals. Measurements were carried on 
for periods of 2 to 5 hours. Per cent decrease in rela- 
tive viscosity was calculated according to the formula: 
per cent decrease =(To—T/To) X 100, where To was 
the initial time of fall in seconds and T the time of the 
experimental period. In some experiments, per cent ini- 
tial relative viscosity was calculated. 

Separation of lymphocytes from granulocytes of the 
peripheral blood. Lymphocytes were separated by the 
lucite plastic cylinder method of Kline (6). Forty to 60 
ml of heparinized whole blood was taken for the usual 
preparation and from 0.4 to 1.5 ml of lymphocyte sus- 
pension was obtained. Following total and differential 
ceil counts, the lymphocyte suspension was alternately 
frozen and thawed 10 times and the resulting cleared 
extract assayed for viscosity-reducing activity. In some 
experiments, the lymphocytes were separated from the 
suspension by centrifugation, washed twice with saline, 
suspended in distilled water (0.5 to 2 ml) and alternately 
frozen and thawed 10 times to prepare an active extract. 

The sediment of erythrocytes and granulocytes was 
resuspended in the supernatant plasma and, after addi- 
tion of dextran, the granulocytes were isolated in the 
usual manner. The pellet of granulocytes was washed 
twice with saline and total and differential cell counts were 
performed on the saline suspension. The latter was then 
centrifuged and the resulting pellet taken up in 0.5 to 2 
ml of distilled water. The suspension was frozen and 
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thawed 10 times and the resulting extract assayed for 
viscosity-reducing activity. Microscopic examination of 
extracts so prepared showed no intact cells in either the 
lymphocyte or granulocyte fractions. 

Hexosamine was determined by the method of Elson 
and Morgan as modified by Schloss (7). 

Formol titration was carried out according to the 
method of Northrop (8). 

Crystalline trvpsin was obtained from Worthington 
Biochemicals Corporation. 


RESULTS 


Reduction of viscosity. An extract of normal 
leukocytes reduced the relative viscosity of a 
chondromucoprotein solution approximately 50 per 
cent in one hour (Figure 1). A similar change 
was induced by crystalline trypsin. Although the 
activity of the trypsin was blocked by the addi- 
tion of soya bean inhibitor, that of the leukocyte 
extract was not affected. The activity of the 
latter, however, was destroyed by heating in a 
boiling water bath for five minutes. 

In Figure 2 is shown the activity of an extract 
of a rheumatoid synovial membrane. The activity 
of a leukocyte extract is given for comparison. It 
is seen that at the same nitrogen concentration, the 
synovial membrane extract was about twice as 
active as the leukocyte extract. Both were inactive 
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following heating. The viscosity-reducing effect 
of the leukocyte extract was proportional to its 
concentration (Figure 3). The activity of the 
leukocyte extract increased approximately two- 
fold for a 10° rise in temperature (27.5° to 37.5° 
C) while that of the synovial extract increased 
approximately 35 per cent under the same circum- 
stances. The susceptibility of the chondromuco- 
protein substrate to both extracts was not changed 
after heating the former at 65° C for 20 minutes. 

To investigate the effect of pH on activity, a 
leukocyte extract was added to solutions of chon- 
dromucoprotein in 0.01 M phosphate-citrate buffer 
of varying pH. Maximum reduction of viscosity 
measured after one hour was observed in the re- 
gion of pH 6.7 (Figure 4). 

The rate of decrease of viscosity was not in- 
fluenced by the addition of 0.1 ml of the following : 
1 per cent ascorbic acid, cysteine or sodium sulfide 
solutions ; 0.5 per cent crystalline hemoglobin and 
crystalline serum albumin solutions; or normal 
serum. The viscosity-reducing effect was com- 
pletely inhibited by 0.05 ml of 0.1 M mercuric chlo- 
ride solution but not significantly by the same con- 
centration of copper sulfate, zinc chloride, manga- 
nous sulfate or cobalt chloride. 

When 1.5 g samples of fresh rabbit spleen were 
ground in a glass homogenizer with 7.2 ml of wa- 
ter, physiological saline and 5 per cent saline, re- 
spectively, the resulting extracts showed no ac- 
tivity. Nor was activity obtained with extracts of 
mouse spleen, kidney, liver, or lung when 300 mg 
of each tissue was minced, homogenized in 2 ml 
of water, and cleared by centrifugation. The ni- 
trogen concentration of the above extracts varied 
between 0.11 and 1.0 mg per ml. 

The viscosity of a 0.5 per cent solution of sodium 
hyaluronate was unaffected by a leukocyte extract. 

Proteolysis measured by formol titration. To 
determine the per cent hydrolysis of the chondro- 
mucoprotein, formol titrations were performed on 
this protein following incubation with a leukocyte 
extract, with an extract of rheumatoid synovial 
membrane, and with trypsin. In these experi- 
ments, 120 mg of chondromucoprotein was incu- 
bated with appropriate amounts of the active ex- 
tracts for one hour in the usual manner. Viscosity 
falls of 50 to 55 per cent were recorded during this 
period in each case (Table I). Neutralized forma- 
lin was then added and the formol titration carried 
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out. The amount of the total nonhexosamine ni- 
trogen liberated was small in all three cases, i.e., 
between 0.63 and 2.5 per cent. Thus the large 
falls in viscosity recorded were associated with a 
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TABLE I 


Nonhexosamine nitrogen liberated after one hour, 
determined by formol titration 








Decrease in 
relative 
viscosity 


Nitrogen 


Enzymatic agent liberated 





% % 
Synovial extract 55 0.74 
Leukocyte extract 50 0.63 
Trypsin 50 2.5 


minimal amount of cleavage of the protein por- 
tion of the chondromucoprotein. 

Degradation of chondromucoprotein. In an ef- 
fort to separate the products of digestion of the 
chondromucoprotein, they were filtered on fritted 
glass bacterial funnels using the method of Ogston 
and Stanier (9) as applied by Shatton and Schu- 
bert. To each of two 50 ml samples of a 0.5 per 
cent solution of chondromucoprotein in neutral, 
saline-phosphate buffer, 1 ml of unheated and 
heat-inactivated leukocyte extract was added, 
respectively. Appropriate control solutions of mu- 
coprotein and leukocyte extract alone were also 
prepared. The four solutions were incubated at 
37° for 170 minutes. During this time, the solu- 
tion containing mucoprotein and unheated leuko- 
cyte extract showed a 50 per cent fall in viscosity. 
There was no significant change in the viscosities 
of the control solutions. All were then poured 
onto fritted glass filters, covered with several drops 
of toluene and filtered with suction for three days 
in a cold room at 4° C. The filtrates were evapo- 
rated to dryness on a water bath at 70° to 80° C 


TABLE II 


Composition of products after treatment of chondromuco- 
protein* with leukocyte extract 











N/hexosamine 





Filter- 
able 
fraction 


Non- 
filterable 
fraction 


Hexos- 
amine 
filtered 


Nitrogen 
Agent filtered 


yA oy 


© fo 
Leukocyte extract 19.7 ie 3.0 20.0 


Inactivated leuko- 
cyte extract 1.6 0.2 4.0 


Phosphate buffer 
(pH 7.1) 1.5 0.1 3.9 





* N to hexosamine ratio = 3.9. 

t Of the nitrogen which was filtered, 33.4 per cent was 
dialyzable. Nitrogen to hexosamine ratio of the non- 
dialyzable residue was 16.4. 


and the dry residues were redissolved in 25 ml 
of neutral buffer. Ten ml of the solutions thus ob- 
tained were dialyzed for three days against run- 
ning tap water. The residues remaining on the 
fritted glass funnels were redissolved in 50 ml of 
buffer solution. Filtrates, residues, and dialyzed 
filtrates were analyzed for nitrogen and hexosa- 
mine content (Table IT). 

A similar experiment was carried out, using 
trypsin instead of leukocyte extract. To 50 ml 
volumes of chondromucoprotein solution, 0.1 mg 
quantities of active and inactivated crystalline tryp- 
sin in 0.1 ml of water were added, respectively. 
Inactivated trypsin was obtained by heating at 
100° C for eight minutes. Following 165 min- 


TABLE III 


Composition of products after treatment of chondro- 
mucoprotein* with trypsin 


N/hexosamine 
Non- Filter- 
filterable able 
fraction fraction 


Hexos- 
amine 
filtered 


Nitrogen 
Agent filtered 


oy o7 


Trypsin 24.6 3.73 3.1 26.8 
Inactivated 
trypsin 0.36 4.1 
Phosphate buffer 
(pH 7.1) 0.82 0.23 4.0 


* N to hexosamine ratio = 4.0. 

+ Of the nitrogen filtered, 47 per cent was dialyzable. 
Nitrogen to hexosamine ratio of the nondialyzable residue 
was 14.2. 


utes, the solution containing active trypsin showed 
a 47 per cent fall in viscosity. Subsequent details 
are the same as in the experiment with leukocyte 
extract. Results are given in Table IIT. 

It is apparent that treatment with both leukocyte 
extract and trypsin liberated a filterable fraction 
containing 20 to 25 per cent of the total nitrogen 
of the chondromucoprotein and orly 3.8 per cent 
of the hexosamine. This fraction was markedly 
richer in nitrogen than the original substrate, the 
nitrogen to hexosamine ratio rising from approxi- 
mately 4.0 to 20 and 26.8, respectively, in the case 
of leukocyte extract and trypsin. A very signifi- 
cant fraction, 33 and 47 per cent, respectively, of 
the nitrogen filtered was dialyzable. The non- 


dialyzable portion of the filtered fraction continued, 
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nevertheless, to have a markedly increased ratio of 
nitrogen to hexosamine. The nonfilterable resi- 
dues in both cases demonstrated, as would be ex- 
pected, a lower nitrogen to hexosamine ratio than 
the starting substrate. 

Effect of synovial membrane extracts on chon- 
dromucoprotein, Ten synovial membranes were 
extracted, four from patients with rheumatoid ar- 
thritis, one from a patient with ankylosing spon- 
dylitis, and the remainder from individuals with 
degenerative joint disease. The tissues were sec- 
tioned and graded for intensity of cellular infiltra- 
tion on a 1-plus to a 4-plus basis by Dr. Norman 
Copper of the Department of Pathology. A com- 
parison between grade of infiltration and corre- 
sponding viscosity-reducing activity of the syno- 
vial membrane extracts is given in Table IV. It 
is seen that there is good correlation between the 
activity of the extracts and the intensity of the 
inflammatory reaction. Activity was shown only 
by the three extracts of synovial membranes from 
patients with rheumatoid arthritis, which were 
graded either 2-plus or 3-plus. Minimal or no 
activity was shown by the other extracts, which 
had negligible infiltration. This was true of all 
the samples from the patients with degenerative 
joint disease. 

Activity of granulocytes and lymphocytes. Ex- 
periments were carried out to establish the relative 
activity of these leukocyte fractions, using the 
swimmer technique of Kline (6) to separate them. 

It is apparent from the data presented in Table 
V that extracts prepared from granulocyte-rich 
fractions are active, whereas those prepared from 
lymphocyte-rich fractions do not show activity. 
The data, especially those of Experiment II, 
strongly suggest that not only are extracts of lym- 
phocytes themselves inactive but that the presence 
of a relative excess of lymphocytes over granulo- 
cytes tends to inhibit the activity of the granulo- 
cyte fraction. It was in fact possible to demon- 
strate reduction of the activity of granulocyte ex- 
tracts by the addition of lymphocyte extracts. The 
results of the latter experiments were quite vari- 
able, however, because of the apparently critical 
ratio of the number of lymphocytes to granulocytes 
required to effect inhibition. 


TABLE IV 


Effect of extracts of synovial membranes on viscosity of 
chondromucoprotein compared with intensity 
of inflammatory reaction 








Decrease 
per hr of 
relative 
viscosity 


Inflam- 
matory 
reaction 


Clinical 
diagnosis 
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arth. 
arth. 


Rheum. 
Rheum. 
Rheum. arth. 

Rheum. arth. 

Ank. spondylitis 
Degen. joint dis. 
Degen. joint dis. 
Degen. joint dis. 
Degen. joint dis. 
Degen. joint dis. 


Te mae RO- 
ZpePO Roe 


| 
| 





DISCUSSION 


Cartilage erosion in rheumatoid arthritis oc- 
curs at sites which are in close contact with a 
highly cellular synovial membrane. The latter 
is thickened as a result of a marked increase in the 
number of synovial cells and infiltration by lym- 
phocytes and plasma cells. The resulting syno- 
vial pannus becomes an “apron of vascular granu- 
lation tissue” which “blends with the superficial 
layers of cartilage whose cells and substance gradu- 
ally disappear” (10). Parker and Keefer (11) 
have concluded, on the basis of histological stud- 
ies, that the disappearance of the articular cartilage 
takes place as a result of “solution of the cartilage 
under the connective tissue that has grown onto 
the cartilage.” Since inflammatory cells of the 
synovial membrane are presumably in constant 
turnover, it appears reasonable to suppose that 


TABLE V 


Viscosity-reducing activity of granulocyte and 
lymphocyte fractions 








Decrease 
per hr of 
relative 
viscosity 


Cells/mm* X 1073 





Granulo- 
cytes 


Lympho- 
cytes 





% 
mY 
33 
0 
0 


: 45 
: 0 
d 0 


1 
4 





* Obtained directly from the dextran-treated whole blood 
without use of a lucite cylinder. 
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enzymes capable of attacking one or more of the 
constituents of cartilage may be liberated as a re- 
sult of cellular breakdown. 

The demonstration that about half the dry 
weight of cartilage consists of chondromucopro- 
tein suggested that the lytic action might be well 
directed against this constituent rather than against 
collagen, the other major component of cartilage. 
In favor of this possibility was the absence of 
known enzymes in the animal body capable of at- 
tacking native collagen at neutral pH. Degrada- 
tion of chondromucoprotein was easily demon- 
strated in terms of a rapid fall in viscosity of a 
solution of this protein when it was incubated with 
extracts of rheumatoid synovial membrane as well 
as with extracts of leukocytes obtained from the 
peripheral blood. The decrease in viscosity ob- 
served was similar to that obtained with trypsin. 

That the reduction in viscosity was due to an 
enzymatic process appeared likely for a number of 
reasons. The rate of the reaction increased with 
the concentration of the extract used and with 
temperature, and it varied with pH, reaching an 
optimum at pH 6.7. The activity was entirely 
abolished by heating. Formol titration following 
incubation with both leukocyte and rheumatoid 
synovial membrane extracts demonstrated libera- 
tion of approximately 0.7 per cent of the total ni- 
trogen at the point of 50 per cent reduction in vis- 
cosity, while trypsin under similar conditions gave 
a somewhat higher value. These results suggested 
that the enzyme or enzymes involved were endo- 
peptidases. 

Significant information about the type of proteol- 
ysis produced was obtained by filtration of the 
reaction products through fritted glass bacterial fil- 
ters. It is known from the work of Shatton and 
Schubert (1) that the chondromucoprotein is not 
filterable through this type of funnel, while free 
chondroitin sulfate is filtered. Treatment of the 
chondromucoprotein, with extracts of leukocytes 
as well as with trypsin, did in fact result in the 
formation of large amounts of filterable material. 
The split products, which, as formol titration had 
previously indicated, were relatively large units, 
appeared to be of two types: one, a fraction rich in 
hexosamine and low in nitrogen which did not pass 
through the funnel; the other, a fraction rich in 
nitrogen and poor in hexosamine which did tra- 
verse the filter. Although 20 to 25 per cent of the 
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nitrogen was filtered, less than 4 per cent of the 
hexosamine behaved similarly. 

Although the chondromucoprotein has been ob- 
served to be electrophoretically homogenous over a 
wide range of pH (12), two components have re- 
cently been observed on ultracentrifugal analysis 
(3). In view of the latter evidence of nonhomo- 
geneity, it is not possible to interpret the relation- 
ship of the composition of the hydrolytic products 
to the structure of the chondromucoprotein sub- 
strate. 

A linear type of arrangement in which chon- 
droitin sulfate complexes are cemented together 
in an end to end fashion b:; protein has been sug- 
gested by Muir (4) for a chondroitin sulfate- 
protein complex isolated from hyaline cartilage. 
The structure of chondroitin sulfate-protein com- 
pelexes has also been discussed by Webber and 
Bayley (13), Bernardi (14), and Mathews (15). 
Regardless of the homogeneity and structure of 
the components of the chondromucoprotein prepa- 
ration used, it is clear that significant alteration of 
the chemical and physical properties of the muco- 
protein ground substance of cartilage is produced 
by the various extracts and enzymes studied here 
and by other workers. 

Differences in proteolytic activity between poly- 
morphonucleocytes and lymphocytes have been 
noted previously. Barnes (16) has reported the 
presence of a trypsin-like enzyme in cat poly- 
morphonucleocytes which was not present in the 
lymphocytes of this species. In the present experi- 
ments not only were extracts of lymphocyte frac- 
tions themselves inactive, but there was evidence 
that they were, in fact, capable of inhibiting the 
activity of polymorphonucleocyte extracts. This 
is strongly suggested by the data in Table V which 
show absence of activity in lymphocyte-rich prepa- 
rations which contain sufficient numbers of poly- 
morphonucleocytes to be otherwise markedly 
active. 

The pronounced proteolytic activity of rheu- 
matoid synovial membrane extracts was related 
to the cellularity of this tissue—the more highly 
infiltrated the tissue, the more active the extracts. 
Since the latter were prepared by homogenization 
and repeated freezing and thawing, and since ex- 
tracts from nonrheumatoid synovial membranes 
were inactive, it would appear that the active en- 
zymes had been extracted from the inflammatory 
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cells and possibly from the proliferating synovial 
cells. In two instances in which the synovial 
membrane samples, one from a patient with rheu- 
matoid arthritis and the other from a patient with 
ankylosing spondylitis, showed insignificant cel- 
lular infiltration, there demonstrable 
activity. 

It is difficult to reconcile the above findings with 
the observation that extracts obtained from lym- 
phocytes of the peripheral blood were inactive. In 
view of the paucity of polymorphonucleocytes in 
the rheumatoid synovial membrane and the pres- 
ence mainly of lymphocytes, plasma cells, mono- 
nuclear cells and proliferating synovial cells, it is 
difficult to designate the cell type responsible for 
the activity of the synovial extracts. The problem 
is complicated by the fact that, although poly- 
morphonucleocytes are not seen in significant num- 
ber in the rheumatoid synovial membrane, they are 
released into the synovial fluid where they occur 
in large numbers in this disease. With regard to 
the destruction of cartilage in rheumatoid arthritis, 
which is essentially a slow process, the continuous 
turnover of even small numbers of granulocytes in 
the synovial membrane might be sufficient to bring 
about the changes observed. The activity of the 
synovial membrane extracts, however, is more 
likely derived from enzymes extracted from other 
cell types, such as plasma cells, mononuclear cells 
or proliferating synovial cells. 

It is less difficult, of course, to apply the pro- 
posed concept of the mechanism of cartilage de- 
struction to the problem of pyogenic arthritis, since 
the synovitis in this state is predominantly poly- 
morphonuclear in type. Phemister (17), in a now 
classic experiment, described the almost complete 
digestion of articular cartilage on incubation with 
staphylococcal pus. Phemister concluded that 
polymorphonucleocytes were the main source of 
the enzymes responsible for this digestion. When 
cartilage was incubated with tuberculous pus, on 
the other hand, the cartilage was unchanged. This 
was attributed to the presence of lymphocytes 
rather than to polymorphonucleocytes in tubercu- 
lous pus. These early experiments are in good 
agreement with the results reported in this paper. 

An illustration of the in vivo destruction of car- 
tilage by a proteolytic enzyme is seen in the obser- 
vation of Thomas (18) that the intravenous injec- 
tion of crude papain into rabbits resulted in collapse 
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of the rabbits’ ears and depletion of the baso- 
philic component of the cartilage matrix. The de- 
pleted component was presumably the chondromu- 
coprotein since there was a considerable reduction 
in the chondroitin sulfate content of cartilage fol- 
lowing injection of papain (19). A striking ex- 
ample of a disease in which the breakdown of 
cartilage probably occurs as a result of the action 
of the enzymes of inflammatory cells is seen in the 
syndrome, chronic atrophic polychondritis, which 
has been recently reviewed by Bean, Drevets and 
Chapman (20). This syndrome is characterized 
by widespread inflammation and dissolution of 
cartilage. The inflammatory cells in the cartilage 
are predominantly polymorphonuclear leukocytes. 
It seems likely that the dramatic dissolution of 
cartilage observed in this disease is a result of 
proteolysis of chondromucoprotein. 

A localized type of cartilage necrosis at the site 
of contact between cartilage and vascular synovial 
tissue has been described in frostbite by Kulka and 
Blair (21). Neutrophilic infiltration of the syn- 
ovial membrane occurred following exposure of 
rabbit feet to cold. This was followed by accumu- 
lation and fragmentation of corpuscular elements 
in the injured tissues and a subsequent resorption 
of cartilage. 

Lack (22) has recently reported that bovine 
plasmin is capable of liberating chondroitin sulfate 
from cartilage slices in vitro. From this observa- 
tion the author has concluded that plasmin may 
play a role in the chondrolysis associated with 
joint infections caused by organisms like the 
staphylococcus and streptococcus which produce 
kinases capable of activating plasminogen. 

The type of injury to cartilage that has been 
postulated in the present paper on the basis of 
proteolysis of chondromucoprotein may be a pro- 
totype of similar changes in other kinds of con- 
nective tissue. It would be desirable, for example, 
to establish whether bone has a similar mucopro- 
tein in the osteoid tissue and whether erosion of 
bone occurs as a result of a similar process. 

The experiments reported in this paper have 
been carried out with bovine chondromucoprotein 
because human material was not available. It ap- 
pears reasonable to assume that the bovine protein 
is a satisfactory model, however, since Schubert 
(3) has recently prepared chondromucoprotein 
material from human hyaline cartilage which has 
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similar physical and chemical properties to the 
bovine product.? 


SUMMARY 


1. Extracts of leukocytes from the peripheral 
blood and from rheumatoid synovial membranes 
have been shown to degrade a mucoprotein prepa- 
ration prepared from bovine hyaline cartilage. 
The activity of the leukocyte extracts was shown 
to be derived from the polymorphonucleocyte frac- 
tion. The lymphocyte fraction yielded inactive ex- 
tracts. The activity of human synovial membrane 
extracts was proportional to the amount of cellular 
infiltration. 

2. The breakdown of the mucoprotein was as- 
sociated with a marked decrease in viscosity, but 
only a small fraction of the peptide nitrogen pres- 
ent was liberated. Fractionation of the hydrolytic 
products indicated that the mucoprotein had been 
degraded into portions which were relatively high 
and low in chondroitin sulfate content, respectively. 
Similar results were obtained with a solution of 
trypsin. The data suggest that the active agents 
of the leukocyte extracts studied were endopepti- 
dases. 

3. On the basis of the findings presented, it is 
suggested that the dissolution of cartilage in rheu- 
matoid arthritis and in other inflammatory arthri- 
tides is due to degradation of the mucoprotein 
ground substance of the cartilage by enzymes lib- 
erated in the course of breakdown of cells present 
in the inflamed synovial membrane. 
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It is well established that redistribution of the 
circulating blood volume occurs in a variety of 
conditions and following the exhibition of a num- 
ber of pharmacologic agents. An augmentation of 
central blood volume has been demonstrated when 
an erect subject assumes the recumbent position 
(1-3), after the inflation of an antigravity suit (3, 
4), following immersion of the body in water (4), 
after the administration of sympathomimetic 


amines (5-7), and when large volumes of blood 
are transfused to subjects under ganglionic block- 
ade (8). A shift of blood out of the thorax occurs 
when the erect position is assumed (1, 2, 9), fol- 
lowing the application of spinal and general anes- 
thesia (10), positive pressure breathing (7, 11), 


the Flack maneuver (12), venous tourniquets to 
the extremities (3), and after the administration of 
ganglionic blocking agents (13, 14). Considerable 
difference of opinion exists, however, regarding the 
influence of muscular exercise on the central blood 
volume. Some observers (15, 16) have demon- 
strated a shift of blood out of the thorax; others 
have found either no consistent (17) or no sig- 
nificant (18) changes, while an increase in the 
central blood volume has been reported by Man- 
kin and Swan (19) and by Mitchell, Sproule and 
Chapman (20, 21). Since a more complete un- 
derstanding of the circulatory adaptations to exer- 
cise would be facilitated by clarification of this 
problem the present study was undertaken. 


METHODS 


The 10 subjects, all healthy males ranging in age from 
18 to 24 years, were studied in the basal postabsorptive 
state following the oral administration of 75 or 100 mg 
of sodium pentobarbital. They had all been thoroughly 
familiarized beforehand with the laboratory, the equip- 
ment and the procedure. Simultaneous with each cardiac 
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output and central blood volume measurement, the minute 
ventilation, oxygen consumption and respiratory quotient 
were determined by an open circuit respiratory system 
utilizing the micro-Scholander technic (22) for the analy- 
sis of expired air. 

Cardiac output and central blood volume were meas- 
ured with the indicator-dilution technic. Approximately 
10 mg of Evans blue dye was injected from a tared syr- 
inge through a 50 cm polyethylene catheter (PE 50, 0.58 
mm ID) which was introduced percutaneously through 
an antecubital vein into the superior vena cava or right 
atrium. Blood was sampled from the brachial artery 
through an indwelling arterial needle and was delivered 
to a cuvette densitometer (23) by means of a polyethylene 
catheter having a volume of 0.40 ml. The blood was with- 
drawn with a motor-driven suction syringe at a rate of 
20 ml per minute. The volume of the cuvette is 0.30 ml 
and the response of the densitometer to a sudden change 
in density is 95 per cent in 1 second and over 99 per cent 
in 2 seconds (24). The arterial and central venous pres- 
sures were recorded by means of Statham pressure trans- 
ducers immediately before and after each dilution curve. 
The electrocardiogram, pressure pulses, dilution curves, 
and the signal marking the instant of injection were in- 
scribed with a photographic cathode-ray recorder at a 
paper speed of 5 mm per second. 

Each dilution curve was calibrated separately in the 
following manner. Two arterial blood samples were col- 
lected in heparinized syringes immediately before the out- 
put determinations. These were delivered under oil into 
Erlenmeyer flasks, one of which contained approximately 
0.5 mg of Evans blue dye. One of the two blood samples 
served as a blank. The second sample contained blood 
with a dye concentration of approximately 20 mg per L. 
After the dilution curve had been recorded, the blank 
sample and the sample containing dye were drawn in 
turn through the cuvette densitometer. The same flow 
rate and densitometer attenuation were employed as dur- 
ing the inscription of the original dilution curve. The al- 
terations in the densitometer signal were recorded and 
related to the actual concentration of the sample, which 
was determined by subsequent spectrophotometric analysis. 
Only a two-sample calibration is required, since the output 
of the densitometer is linear with respect to dye concen- 
tration (23, 25). 

The cardiac output and central blood volume were cal- 
culated utilizing the formulas of Stewart and Hamilton 
(26) after the inscribed dilution curves had been re- 
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TABLE I 


Hemodynamic observations at rest and during exercise and recovery * 
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127/68 (82) 57 
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BSA = body surface area in m*, 
C.I. = cardiac index in L per minute per m*. 
CBV = central blood volume in ml. 
VENT/M? = ventilation in L per minute per m*. 
VO2/M? = oxygen consumption in ml per minute per m?. 
R.Q. respiratory quotient. 
A-VO:2 
H.R. 
Art. press. 


heart rate. 


stroke volume per ™*. _ 
stroke work of left ventricle per m?*. 


ouunennnnan 


arterial pressure in mm Hg systolic/diastolic (mean). 


calculated total peripheral vascular resistance per m2. 


arterio-mixed venous oxygen difference in vol per 100 ml. 


t In subjects J. R., D. L., and J. F., data derived from dilution curves obtained from heated arm are listed. 


plotted on semilogarithmic paper. The accuracy of the 
technics employed in the present investigation for the 
measurement of cardiac output and of central blood vol- 
ume had previously been validated by direct measurements 
in circulatory models (7, 27) and in studies using flow- 
meters for the measurement of cardiac output in dogs (7, 
25). The reproducibility of the cardiac output and cen- 
tral blood volume measurements by the technics used 
in this study was first determined by 23 duplicate deter- 
minations performed 10 minutes apart. The standard er- 
ror of the duplicate determinations of central blood vol- 
ume was 115 ml; that of the cardiac output was 493 ml 
per minute. 

Fifteen to 20 minutes after the needles and catheter had 
been inserted, the control measurements were made with 
the subjects supine, but with their feet placed on the 
pedals of a bicycle ergometer. Exercise consisted of pedal- 
ing the ergometer at a constant rate of 50 to 60 rpm at 
an external work load of approximately 3,000 foot-pounds 
per minute for 10 minutes. Measurements were repeated 
during the last 2 minutes of the exercise period and again 


20 minutes following the cessation of exercise, with the 
feet still in place on the bicycle. 

In 3 of the 10 subjects the procedure was modified in 
order to minimize the possible effects on the calculated 
central blood volume of any vasoconstriction that might 
occur in the arm during leg exercise. Indwelling needles 
were placed in both brachial arteries and dilution curves 
were inscribed simultaneously from each artery. Hy- 
peremia was induced in one arm by wrapping it com- 
pletely in hot moist towels covered with electric heating 
pads. Dilution curves were then recorded from both 
arms during rest, exercise and recovery periods, as de- 
scribed above. The two simultaneously-determined car- 
diac outputs showed little difference. Their average was 
multiplied by the mean circulation times to both brachial 
arteries in the calculation of the central blood volumes 
between the site of injection and each sampling site. 

Arteriovenous oxygen difference was calculated as the 
quotient of the oxygen consumption and the cardiac out- 
put; left ventricular stroke work index in gram-centi- 
meters was calculated as the product of the stroke volume 
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per square meter of body surface area and the mean ar- 
terial pressure; total peripheral vascular resistance index 
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in dynes-sec-cm™® was calculated according to the following 
formula : 


BSA X 1,332 X (mean brachial arterial pressure — mean central venous pressure mm Hg) 





cardiac output (ml per sec) 


RESULTS 


During exercise the oxygen consumption in- 
creased from an average of 144 to an average of 
1,011 ml per minute per m?’, while cardiac index 
rose from an average of 3.42 to 7.99 L per minute 
per m* (Tables I and II). The central blood vol- 
ume increased by 141 to 745 ml in eight subjects; 
it remained essentially unchanged in one subject 
(J.H.) and declined 397 ml in the tenth (J.L.) 





(Figure 1). For the group as a whole the in- 
crease in central blood volume averaged 285 ml. 
The oxygen consumption, cardiac output, and sys- 
temic vascular resistance had not returned com- 
pletely to the control levels at the end of the 20 
minute recovery period in most of the subjects. 
During this time interval the central blood volume 
declined in all ten subjects by an average of 375 ml, 
with a fall which ranged from 127 to 782 ml 


(Figure 1). 


TABLE II 


Mean values (M) and standard deviations (SD) for hemodynamic observations listed in Table I* 








Exercise Recovery 





VO./M?2 M 
SD 
M 
SD 


A-VO: M 
SD 
CBYV M 
SD 
CBV/M? M 
SD 


SV/M? M 
SD 


Art. pressure M 
SD 


H.R. M 
SD 
SWLV/M? M 
SD 
TPR/M? M 
SD 
VENT/M? M 
SD 
R.Q. M 
SD 


ACO/A VO_ M 
SD 


* For abbreviations see Table I. 
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81.5 
11.1 


1,171. 
166 


24.00 
6.9 


0.93 
0.10 


549 
44. 
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TABLE III 


Data derived from dilution curves obtained from heated and unheated arms 











Rest 





Heated Unheated 


Heated 


Exercise Recovery 


Unheated Heated Unheated 





LD." 5.79 
Mct. 
CBV 


11.8 
1,139 


14.0 


C.O. 


Mct. 12.6 


2 
CBV 1,308 


C.O. 
Mct. 
CBV 


17.0 
1,763 1,732 
13.8 
1,403 


14.8 
1,505 


Mct. 
CBYV 


Mean 


13.39 
7.3 8.1 
1,629 1,806 


13.6 
1,627 


11.7 


6.6 ‘ 10.4 
1,520 1,314 





*C.O. = cardiac output in L per minute; Mct. = mean circulation time in seconds; CBV = central blood volume 


in ml. 


A comparison of the mean circulation times and 
central blood volumes derived from the curves ob- 
tained from the heated and unheated arms are pre- 
sented in Table III. In three of the five compari- 
sons carried out either at rest or during recovery, 
the value for the mean circulation times and calcu- 
lated central blood volumes derived from the un- 
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CONTROL EXERCISE RECOVERY 


Fic. 1. CENTRAL BLOOD VOLUME MEASUREMENTS DUR- 
ING CONTROL (REST), EXERCISE, AND RECOVERY PERIODS. 
Asterisks denote subjects in whom data were derived 
from dilution curves obtained by sampling blood from 
heated arm. Horizontal bars represent mean values for 
each period of observation. 


heated arm exceeded the values obtained from the 
heated arm by 10 per cent or more. During exer- 
cise the difference exceeded 10 per cent in one sub- 
ject (J.R.). Similar augmentations of the central 
blood volume during exercise and decreases during 
recovery were noted when the data calculated from 
the dilution curves recorded from the heated and 
unheated arms were compared. 
pair of simultaneously inscribed dilution curves is 


illustrated in Figure 2. 


A representative 


A 5sec le 


LEFT ARM 
HYPEREMIC % 
MCT. =9.6 Sec. 


io 


RIGHT ARM 
CONTROL 
MC.T. = 10.4 Sec. 


Fic. 2. Dye DILUTION CURVES INSCRIBED SIMULTANE- 
OUSLY FROM HYPEREMIC LEFT ARM (UPPER CURVE) AND 
THE UNHEATED RIGHT ARM (LOWER CURVE) DURING THE 
RECOVERY PERIOD IN SUBJECT D.L. Vertical arrow indi- 
cates midpoint of injection corrected for the delay in the 
transit of blood from arterial needle to cuvette. M.C.T. 
refers to mean circulation time. 
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DISCUSSION 


Consideration of the technics employed is perti- 
nent to any comparison of the data obtained in the 
present study with previous investigations on the 
effect of exercise on central blood volume. Lam- 
merant (16) utilized extrenal precordial counting 
technics in his investigation. Kattus, Mills, Klug 
and Pearce (15) employed the indicator-dilution 
technic, and determined central blood volume from 
the formula of Newman and associates (28). The 
validity of these methods for such determinations 
remains to be demonstrated. The applicability of 
the Stewart-Hamilton method to the accurate 
measurement of the volume of a segment of the 
vascular bed has been proved in experimental cir- 
culatory models (7, 27, 29) as well as in direct 
comparisons in the dog, both at normal (30) and 
elevated (31) pulmonary blood flows. Although 
other investigations (17, 19-21) on the effects of 
exercise on central blood volume have utilized the 
Stewart-Hamilton method, the volume measured 
was more nebulous than in the present study, since 
peripheral rather than central venous dye injec- 
tions were made (32). The use of serial sampling 
technics in previous investigations (17, 20, 21) 
would also appear to be less desirable than the 
continuous recording of dye concentrations, par- 
ticularly for the rapid dilution curves which char- 
acterize the exercise state. 

The “central blood volume” determined in the 
present study is considered to represent the volume 
within the vascular bed between the site of injec- 
tion in the right atrium or superior vena cava and 
the site of sampling in the brachial artery. It 
therefore comprises not only the blood in both 
sides of the heart and lungs, but also includes a 
significant fraction of the blood in the large ar- 
teries. It has recently been pointed out (33, 34) 
that the mean circulation time, and therefore the 
calculated central blood volume, may become 
falsely elevated when the rate of blood flow to the 
local site from which the dilution curve is sampled 
decreases. Thus, if the blood flow in the upper 
extremities decreased significantly during leg ex- 


ercise, a spurious elevation of calculated central 


Indeed, in the three 
subjects from whom dye curves were simultane- 


blood volume might result. 


ously recorded from both a hyperemic vasodilated 
arm and from the unheated opposite arm, slight 
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differences in the mean circulation times, and 
therefore in the calculated central blood volumes, 
were apparent both at rest and during exercise 
(Table III). However, an increase in the calcu- 
lated central blood volume during exercise and a 
decline during recovery occurred when the data ob- 
tained from both sampling sites were analyzed. 
Furthermore, it is pertinent that forearm blood 
flow does not decline in normal subjects during the 
eighth to tenth minutes (35, 36) of leg exercise. 
There is, therefore, little to suggest that the ex- 
ercise-induced elevation in central blood volume 
described herein can be accounted for by altera- 
tions in blood flow to the site of sampling of the 
dilution curve. 

Two of the subjects (J.L. and J.H.) did not 
demonstrate an augmentation in central blood vol- 
ume during exercise as did the remainder of the 
group. Closer perusal of their hemodynamic data, 
however, may provide fuller insight into the 
cardiovascular adaptation to exercise. The rest- 
ing indexes of cardiac output, of left ventricular 
stroke work, and of central blood volume in these 
two subjects were the highest values recorded for 
the entire group. Although the external work per- 
formed was identical in all subjects, J.L. and J.H. 
had the lowest absolute and relative increases in 
the left ventricular stroke work index, and in the 
cardiac output per unit increase in oxygen con- 
sumption ; the cardiac outputs increased only 320 
and 377 ml per minute, respectively, for each 100 
ml increase in oxygen consumption. These two 
subjects were also the only two in the entire group 
who failed at least to double their resting cardiac 
outputs during exercise, and in whom both the 
cardiac output and central blood volume were 
distinctly lower during recovery from exercise 
than at rest. Clinical examination, however, failed 
to reveal any significant differences between J.L., 
J.H., and the rest of the group. It is not clear 
from the data at hand whether their inadequate 
elevation of cardiac output was due to failure of 
the central blood volume to rise or whether the 
reverse was the case. It appears, however, that the 
optimal cardiovascular response to exercise is 
characterized by an augmentation of central blood 
volume accompanying an elevation of cardiac out- 
put commensurate with the increased peripheral 
oxygen requirements. 

Wade and co-workers (37) have demonstrated 
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a shift of blood out of the splanchnic vascular bed 
during exercise. Wood and Bass (38) and Mer- 
ritt and Weissler (39) have also indicated that ve- 
nous tone in the upper extremities increases. It is 
certainly clear that the augmentation of the pul- 
monary diffusing capacity during exertion is ac- 
companied by an elevation of the volume of blood 
within the capillary bed (40, 41). Thus, a num- 
ber of investigations would be consonant with the 
view that a redistribution of circulating blood vol- 
ume occurs during muscular exercise. 


SUMMARY 


The effect on central blood volume of ten min- 
utes of moderately heavy leg exercise in the su- 
pine position was studied in ten normal subjects. 
Central blood volume was calculated by the Ste- 
wart-Hamilton formula from arterial dye-dilution 
curves following superior vena-caval or right atrial 
injection. During exercise the mean VO, rose 
from 144 + 19.2 to 1,011 + 217 ml per m? and the 
cardiac index rose from a mean value of 3.42 + 
0.81 to 7.99 + 1.02 L per minute per m?. Central 
blood volume increased by 141 to 745 ml in eight 


subjects. For the entire group the increase in cen- 


tral blood volume averaged 285 ml. During 20 
minutes of recovery the central blood volume de- 
clined in all ten subjects by an average of 375 ml, 
with a fall ranging from 127 to 782 ml. 
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Despite the relatively large amounts of mag- 
nesium present in the cells of most mammals, its 
in vivo functions in man remain poorly defined, a 
point which is emphasized in a recent review by 
Wacker and Vallee (1). There is evidence, which 
is still equivocal, that abnormalities of magnesium 
metabolism may be involved in several disease 
states including atherosclerosis (2), myxedema 
(3), hyperthyroidism (4), acute alcoholism (5), 
and possibly other conditions (6). Although 
Wacker and Vallee emphasized that, in view of its 
established capacity to function as an activator 
for many in vitro enzyme systems magnesium must 
play a significant role in intracellular metabolic 
activity, one of the intriguing aspects of magnesium 
has been its apparently relative inertness—par- 
ticularly striking when compared with the other 
major ions in the body. Study of magnesium has 
been aided by the advent of the isotope Mg** (7), 
although some caution has been necessary in using 
this isotope as well as in interpreting results ob- 
tained with it because of the relatively low specific 
activity which has been attained. With these limi- 
tations in mind we have made studies that tend to 
confirm earlier data arrived at by nonisotopic tech- 
niques, namely, that there are several relatively 
small, rapidly equilibrating compartments and one 
or more in which turnover is very slow. These 
data on man suggest that there are at least three 
compartments in the body pool of magnesium turn- 
ing over with half-times of 1, 3, and 14 to 35 hours, 
respectively, but that probably 25 to 50 per cent of 
the magnesium has a turnover rate of less than 
2 per cent per day. 


MATERIALS AND METHODS 


Clinical data. The 10 white adults—3 males of 45, 55 
and 62 years of age, and 7 females aged 38, 46, 52, 53, 55, 
64 and 72 years—were studied on the metabolic wards 
of the Hospital of the Brookhaven Medical Research 


* This investigation was supported by the United States 
Atomic Energy Commission. 


Center for several months or more during the period of 
these investigations. All but the male aged 55 suffered 
from hypertension. Since the present observations are 
not clearly relevant to hypertension, only clinical data 
which might be pertinent to the present study are men- 
tioned. The male of 55 had had classical rheumatoid ar- 
thritis of 3 years’ duration but no other disease. The 
male of 62, who had a history of syphilis, was found to 
have positive serological tests for syphilis; the root of the 
ascending aorta was somewhat dilated by X-ray and a 
Grade I aortic diastolic murmur was present. In view 
of these findings, a diagnosis of luetic aortitis was made 
in addition to his undoubted essential hypertension of long 
standing. The remaining 8 patients had classical es- 
sential hypertension. In some patients cardiac enlarge- 
ment was shown to be present by X-ray, and mild to 
moderate myocardial damage was evidenced by electro- 
cardiographic changes; however, none had signs or 
symptoms, present or past, suggestive of heart failure. 
None of the patients gave a history of renal disease, and 
renal function studies including intravenous urograms 
were normal. All of the hypertensive subjects had nega- 
tive Regitine tests for pheochromocytoma. 

During the 8 day period, ranging from 5 days before 
to 3 days after administration of isotope, the patients 
were on a constant diet; although this was not identical 
from patient to patient, it was unvarying for any one 
patient, so that the magnesium content was fixed at about 
50 to 60 mEq per day for each patient. All subjects had 
been on controlled dietary intakes previous to this study, 
with each diet calculated and weighed every day. Ad- 
mission weight was maintained throughout hospitalization. 
Water intake was unrestricted although measured. 

Methods. The isotope Mg”, with a half-life of 21.3 
hours, was obtained from the Brookhaven graphite reactor, 
and after appropriate purification and precipitation as 
Mg” (OH)., was neutralized to pH 7.4 with HCI! The 
highest specific activity that could be obtained ranged 
from 0.07 to 0.12 uc per mg of Mg**, so that no carrier 
was added during administration or handling thereafter. 
After sterilization in an autoclave, the isotope was diluted 
with 5 per cent dextrose in water to a suitable volume, 
and delivered intravenously or orally to the patients from 
a calibrated 100 ml buret, in amounts ranging from 20 to 
104 ue in total volumes ranging from 25 to 100 ml. The 
nonradioactive Mg** infused intravenously ranged from 
25 to 80 mEq and slow administration of the fluid was 
necessary to prevent toxic symptoms from the magnesium ; 


1 The authors are indebted to Mr. H. O. Banks for the 
chemical preparation of the isotope. 
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flushing of the face was seen, and subjective feelings of 
heat in the face, feet, and lower abdominal and genital 
areas were complained of if the flow rate was too fast; 
no fall in blood pressure or change in reflexes occurred. 
Initial calculations indicated that the largest amount of 
isotope infused, assuming complete decay and no excre- 
tion, would give a maximal dose of slightly less than 0.3 
rad whole-body irradiation. In light of the actual ex- 
cretion data, the calculated radiation received may be de- 
creased by approximately a quarter for the isotope ad- 
ministered intravenously. 

Urine collections were made in chemically clean bottles ; 
after the volume was measured, aliquots were removed, 
preserved with H,SO, and stored at room temperature. 
Stools were similarly collected, homogenized with H,SO,, 
and an aliquot removed for digestion and hydrolysis ac- 
cording to the method of Wallace, Holliday, Cushman and 
Elkinton (8). Magnesium was measured with minor mod- 
ifications by the micro-method of Karrman and Borg- 
strom (9), a method that was reproducible and accurate 
as indicated by the following data: a) standard solutions 
containing 10 ug Mg** were titrated with each series of 
urine or plasma analyses and a random sampling of 40 
such standards, extending over the course of these studies, 
gave a mean recovery value of 10.00 ue (SD + 0.203) ; 
b>) analysis of 10 replicates of a pooled plasma sample 
gave an average of 1.885 mEq per L (SD + 0.046), a 
value in good agreement with the results of others (9-11) ; 
c) to 3 series, each of 5 aliquots of this pooled plasma, 
the addition of 10, 20, and 40 ug Mg** resulted in average 
recoveries of 99.1, 103.2 and 102.2 per cent, respectively. 
Radioactivity was measured with a well-type Nal scintil- 
lation crystal and standard scaler; duplicate 4 ml samples 
were counted sufficiently to make the counting error 1 
per cent or less. In calculating the fraction of the total 
body Mg which had exchanged with the isotope, allowance 
was made for urinary or stool loss up to that time as well 
as for the Mg** infused with the isotope. 


RESULTS 
Excretion of Mg* 


1. After oral administration. Two hypertensive 
subjects were given 80 pc Mg” orally after which 
urine collections were made at intervals until the 
amount of radioactivity found was not significantly 
above background—about 60 hours later. All 
stools passed after the ingestion of the isotope were 
analyzed similarly. Plasma samples were counted 
at 2,4, 15 and 39 hours after ingestion ; these sam- 
ples had maximal activity (corrected for decay) in 
the 15 hour samples. Because plasma activity was 
of such a low order in all samples—ranging from 
slightly over twice to a maximum of three times 
background—the curve of plasma activity has not 
been shown in Figure 1, which depicts only the 
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Fic. 1. Stool AND URINE EXCRETION OF MG” AFTER 
ORAL ADMINISTRATION IN TWO PATIENTS WITH ESSENTIAL 
(EHT). 


HYPERTENSION 


urinary and stool excretion of the isotope. It is ap- 


parent that gastrointestinal absorption of mag- 
nesium was very limited in these two subjects, for 


in contrast to the results following intravenous ad- 
ministration described in the paragraph below, 
less than 3 per cent of the isotope was excreted 
in the urine in 60 hours, while between 10 and 20 
times this fraction was found in the stools. 

2. After intravenous administration. The data 
on nine subjects, including the nonhypertensive 
individual, are shown graphically in Figure 2. In 
contrast to the preceding study, excretion was vir- 
tually confined to the urine: 35 to 50 per cent of 
the radioactivity appeared in the urine before the 
isotope decayed to background levels, and in no 
instance did the stool account for more than about 
1 per cent of the injected radioactivity (0.0 to 1.1 
per cent). Approximately 25 per cent of the total 
radioactivity was found in the urines collected 
between two and five hours after injection of the 
isotope, values very similar to those found by 
Brandt, Glaser and Jones (12) for dogs after in- 
travenous administration of this isotope. 

The rapid urinary loss of the isotope after in- 
travenous administration was mirrored in a rapid 
decline in counting rates of the plasma. The low 
concentration of magnesium in plasma in associa- 
tion with the relatively low specific activity of this 
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isotope combined to make data based on plasma 
counting unsuitable for accurate estimation of the 
time required for establishing equilibrium between 
tissues and isotope. Approximately 40 hours after 
intravenous administration the level of plasma ac- 
tivity was so low as to preclude further counting, 
and at this time equilibrium between tissues and 
isotope quite evidently had not yet been attained. 


“Exchangeable” Mg** 


The concentration of Mg** in the urine (2 to 
10 X plasma) resulted in higher counting rates 
than was the case with plasma. The specific ac- 
tivities of the urinary Mg** were used to calculate 
the “exchangeable” Mg** data shown in Figure 3. 
Although in several instances the data suggest that 
exchange between isotopic and tissue Mg** had 
reached a plateau level, in most instances this was 
not attained. 

About 40 to 50 per cent of the injected dose of 
Mg*® was recovered in the urine during the first 
48 hours after administration of the isotope, and 
only slightly more was recovered in two studies 
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which could be continued for about 90 hours. 
Graphical analysis (13) of the urinary Mg* 
curves in terms of exponential components (Fig- 
ure 4) typically yielded a slow component of 14 to 
38 hours half-time, accounting for 10 to 15 per 
cent of the injected dose, and two more rapid com- 
ponents with one and three hour half-times, re- 
spectively, each accounting for 15 to 25 per cent of 
the injected dose. The sum of the quantities of 
Mg’** accounted for by integration of the compo- 
nents is about 10 per cent greater than the quan- 
tity actually recovered because of extrapolation be- 
yond the last measurement. A few additional per 
cents of the administered dose were found in the 
stools. Even so, the total accounted for is typically 
only 50 to 75 per cent of the quantity injected. 
This indicates that there is at least one slow com- 
ponent not seen in the present data, and that 25 to 
50 per cent of the magnesium in the body has a 
turnover rate of less than 2 per cent per day. It 
is important to recall that these turnover rates 
were arrived at in patients receiving magnesium 
both from the diet and from the low specific ac- 
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was of the same order as that consumed on the 
constant diet in one day.) It is possible that the 
true turnover rates are much lower under condi- 
tions when lesser amounts of magnesium are being 


(The amount of magnesium injected 


absorbed. 


The data on Me** content of the human from 
> 


me) 


HUMAN STUDIED WITH Mg” 423 


whole body analysis are rather limited, but the 
estimates of Duckworth and Warnock (14), 
Forbes, Mitchell and Cooper (15) and Widdow- 
son, McCance and Spray (16) are in rather good 
agreement, with values amounting to about 30 
to 35 mEq per kg of body weight. Shohl’s fig- 
ures (17) are somewhat lower and it has been sug- 
gested that this was because of the limitation of the 
analytical method used for magnesium (16). In 
Table I are shown the values for exchangeable 
magnesium on the nine individuals in the present 
study; in only one of these patients was a value 
in excess of 10 mEq per kg obtained. -It is of in- 
terest that five of the hypertensive subjects had 
values of 3.6 mEq per kg upon completion of the 
study, suggesting the interesting possibility that a 
biological invariant was being measured. These 
data may be interpreted to indicate ‘that up to 
about 40 to 60 hours, perhaps 10 to 25 per cent of 
the tissue Mg had come into equilibrium with the 
The experiments which were extended 
for 88 and 89 hours in two individuals may have 
measured a third of the total body Mg**. 


isotope. 


DISCUSSION 


Much of the early literature on the absorption 
and excretion of Mg was reviewed in Mendel and 
Benedict’s paper (18) which appeared in 1909. 
Although — there differences 


were considerable 
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L. SILVER, J. S. ROBERTSON AND L. K. DAHL 


TABLE I 


Pertinent clinical data on nine subjects given Mg® intravenously 








Patient Diagnosis 


Time for 
equi- 
Wt. libration 


Exchangeable Mg** 


Total 





Cc EHT* 

Bl EHT 

K EHT 

W EHT 

H RA 

S EHT 

L EHT 

Bi EHT and LHD 
D EHT 


40 Ay 41 1 9,410 10 1040 


ke hrs mEq/ke 
82.6 39 300 
61.7 220 
76.0 277 
64.2 232 
73.1 365 
55.9 380 
83.5 304 
83.2 1,040 
46.4 431 


mEq 


— 
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OF RD Oo wr § 


Wm AWDOARHR 








* EHT = essential hypertension; RA = rheumatoid arthritis; LHD = luetic heart disease. 


among the early data and the interpretation thereof, 
Mendel and Benedict showed quite clearly that the 
subcutaneous injection of various Mg** salts was 
followed by rapid urinary excretion of the ion, 
whereas intestinal excretion, if present at all, was 
insignificant. Hirschfelder and Haury (19), 
however, reported that in seven normal adults 40 
to 44 per cent of an ingested dose of Mg** appeared 
in the urine within 24 hours. Tibbets and Aub 
(20) by means of classical balance techniques 
studied the excretion of Mg** in normal subjects ; 
they found that individuals on an intake of 0.6 to 
0.9 g per day excreted 0.5 to 0.8 g, of which 
slightly over half was in the stools. Smith, Wink- 
ler and Schwartz (21) studied the excretion 
of Mg** in dogs after intravenous administration of 
MgSO, and concluded that during the first three 
to four hours the Mg** distributed itself through- 
out the extracellular fluid, while during subsequent 
hours there was evidence that some of the ion was 
being segregated from the extracellular fluid and 
not excreted. Both the isotopic studies by Rogers 
and Mahan on rats (22) and the current study on 
humans are in general agreement with this earlier 
nonisotopic work. Rogers and Mahan concluded 
that in rats magnesium was present in two or more 
physiologic states, one with a turnover time of 1.2 
hours, and the other with about 25 hours. As 
noted earlier, our data suggest two rapidly equili- 
brating pools with half-times of 1 and 3 hours, a 
slower one of 14 to 35 hours, and one (or more) 
with a very slow turnover of the order of 2 per 
cent per day or less. 

In the present work, intestinal absorption of 
Mg** was low, but the data were derived from 
It is pos- 


single experiments in two individuals. 


sible that lack of absorption was due to the forma- 
tion of relatively insoluble Mg** compounds in the 
alkaline medium of the intestine or that absorption 
is dependent upon body need. The fact that only 
about 1 per cent of an intravenous load of Mg** ap- 
peared in the stools is strongly against the pos- 
sibility that magnesium is absorbed from the gut 
at one point and re-excreted into it at another. 
The marked disparity between these data and 
some of those derived from nonisotopic studies 
(19) indicates the need for further study with the 
isotope, possibly using several other salts of Mg**. 
However, Aikawa, Rhoades and Gordon (23) us- 
ing Mg**Cl in man, and Aikawa (24) using 
Mg**SO, in rabbits, also found low urinary ex- 
cretion after oral administration of the isotope. 

If approximately three-fourths of the total body 
Mg** is assigned to bone (14, 15) and the as- 
sumption made that none of this is exchangeable, 
the present data indicate that perhaps half of the 
remaining Mg** has exchanged with the isotope 
40 hours after intravenous administration. It is 
more likely that some of the bone Mg is exchange- 
able (12). Although the exact size of this frac- 
tion may be in question, it is clear that somewhere 
there is a relatively large pool with a slow turn- 
over rate and presumably this is made up largely 
by the magnesium in bone. Based on the analyses 
previously cited (14-16) only about 10 to 35 per 
cent of the total Mg** stores can be assumed to 
have exchanged with the isotope after 40 to 90 
hours of equilibration. 


SUMMARY 


Studies with Mg** in man suggest that gastro- 
intestinal absorption of Mg** is very limited. Fol- 
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lowing intravenous administration the isotope rap- 
idly appears in the urine but only insignificant 
amounts appear in the stool. This indicates that 
most of the magnesium in the stools is of exoge- 
nous origin. Equilibration of the isotope with 
magnesium in the body is slow and at 40 to 60 
hours it amounts to about 10 to 25 per cent of the 
total; at 90 hours perhaps a third of the body’s 
magnesium has reached equilibrium with the iso- 
tope. Graphical analysis of urinary Mg** curves 
in terms of exponential components yielded a slow 
component with a half-time of 14 to 35 hours ac- 
counting for 10 to 15 per cent of the injected dose, 
and two more rapid components with half-times 
of 1 and 3 hours each, accounting for 15 to 25 
per cent of the injected dose. The large fraction 
remaining—from about 25 to 50 per cent of the 
body’s total—has a turnover rate of less than 2 
per cent per day. These turnover values must 
be interpreted with caution because of possible 
effects from the significant amounts of dietary 
magnesium in addition to the effect of that ad- 
ministered with the low specific activity Mg**. 
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The process of in vivo clot dissolution, termed 
thrombolysis,’ is complex, involving the interaction 
of clot components with the surrounding plasma. 
Participating in this interaction are plasminogen, 
plasminogen activator, plasmin, the plasmin in- 
hibitory activity of plasma, and fibrin (1). Al- 
though much is known of the nature and quanti- 
ties of individual components, the complexity of the 
thrombolytic process has led to difficulty in assess- 
ment of the overall capability of the plasma for ef- 
fecting clot lysis under physiological conditions— 
an activity hereafter termed plasma thrombolytic 
activity. Plasma thrombolytic activity is a prop- 
erty of major physiological significance (2, 3) but 
hitherto the technical methods used for its assay 
have been imperfect. Assays involving determina- 
tion of whole blood or plasma clot lysis time are 
valuable for detecting markedly enhanced thrombo- 
lysis but are inadequate for measurement of low 
levels of thrombolytic activity due to the very long 
lysis times found and the lack of a precise end- 
point. Other assays have involved physicochemi- 
cal alterations of the plasma such as dilution (4, 
5), isolation of the euglobulin fraction (6, 7) and 
extraction with organic solvents (8). Such physi- 
cochemical procedures isolate or affect to a variable 
degree one or more components of the thrombo- 
lytic process and, although valuable for specialized 


purposes, disturb the complex balance between the 
individual plasma components (1). Consequently, 
assays of this nature are unsuitable for other than 
qualitative determination of plasma thrombolytic 


activity. 

* This work was supported by grants-in-aid from the 
National Heart Institute, Bethesda, Md. (H 3745), and 
the Lederle Laboratories Division, American Cyanamid 
Co. 

1 The term thrombolysis is used to designate a process 
by which preformed clots are lysed, and its use does not 
imply specific reference to pathological states (1). 


In order to circumvent these limitations, a sen- 
sitive measure of plasma thrombolytic activity was 
developed in which unaltered plasma is tested. 
In principle the method involves the determination 
of radioactivity released from isotopically-labeled 
human plasma clots immersed in unaltered plasma. 
Although an in vitro procedure, the use of unal- 
tered plasma and preformed clots mimics im vivo 
conditions and permits the obtaining of physio- 
logically relevant measurements. Using this iso- 
topic clot assay, measurements of plasma throm- 
bolytic activity have been made on plasma obtained 
from healthy adults, from adults following stress, 
after the administration of drugs, and from indi- 
viduals with disease. The results indicate that 
plasma obtained from nonstressed normal adults 
exhibits thrombolytic activity due primarily to 
the presence of a plasminogen activator and that 
this activity varies as a result of stress and disease. 


MATERIALS AND METHODS 


I™-trace-labeled bovine fibrinogen? was prepared as 
previously described (1). 

Human plasminogen was prepared by Kline’s proce- 
dure (9) from human plasma fraction III.* 

Human plasmin was prepared by spontaneous activation 
of human plasminogen in 50 per cent glycerol (10). 

Thrombin mixture consisted of Parke-Davis thrombin 
diluted to 10 units per ml with equal parts 0.7 per cent 
calcium chloride and 6 per cent dextran. The use of 
the latter reagents aided in the production of more con- 
sistent and stable clots. 

Urokinase * contained 5,100 Ploug units per milligram 
dry weight. 


2 Salt-free bovine fibrinogen containing 96 per cent 
thrombin-clottable nitrogen; kindly supplied by Dr. Kent 
Miller, New York State Institute of Health, Albany, N. Y. 

3 Human plasma fraction III was obtained from Dr. 
T. O. Gerlough, E. R. Squibb and Sons, through the 
courtesy of Dr. J. N. Ashworth of the American Red 
Cross. 

* Kindly supplied by Dr. J. Ploug, Leo Pharmaceuticals, 
Copenhagen, Denmark. 
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e-Aminocaproic acid 5 was chemically pure and chro- 
matographically homogeneous. 

Buffered saline refers to 0.9 per cent sodium chloride 
containing 0.1 M phosphate buffer at pH 7.6. 

I™-trace-labeled human plasma clots were formed from 
aged human plasma (stored for at least 30 days at 4° C) 
enriched with human plasminogen (vide infra) and con- 
taining trace quantities of I-labeled bovine fibrinogen. 
Two-tenths ml of such plasma was clotted by the addition 
of 0.1 ml of thrombin mixture. The clot was caused to 
form along the internal surface of glass tubing (7 mm 
OD) by rotation of the tube in a horizontal plane at ap- 
proximately 350 rpm in the chuck of an electric motor. 
Clots formed in this fashion were small, compact and 
largely free of entrapped plasma, a critical feature of the 
technique. When formed, the clot was floated from the 
tubing and placed in a test tube. Clots were washed over- 
night by gentle agitation in buffered saline. Because 
this washing procedure, necessary to produce clots of 
sufficiently low blank radioactivity, eluted considerable 
plasminogen from the clots, it was necessary to enrich 
the original plasma with plasminogen as noted above. 
The physical state of dispersion at pH 7.6 of the puri- 
fied plasminogen used was such that it was taken up from 
plasma into the clot and not washed out (1). The con- 
centrations of I™ fibrinogen and plasminogen added were 
such that the final clot contained on the average 2.5 X 
10° uc per ug fibrin (128 cpm per ug under detection con- 
ditions used, vide infra), 0.4 casein unit plasminogen and 
500 wg fibrin. I bovine fibrin represented approximately 
2 per cent of the total. Such clots, designated as plas- 
minogen-rich, were used for all routine determinations. 
plasminogen plasminogen-free I-labeled 
plasma clots were made as above except that no purified 
plasminogen was added. Plasminogen content was de- 
termined by previously described methods (1) modified 
only insofar as multiple small clots were used for each 
determination. Plasminogen-poor clots contained on the 
average 0.04 casein unit plasminogen per clot. Such clots 
exhibited normal sensitivity to lysis by plasmin. Clots 
could be rendered plasminogen-free by heating (80° C for 
30 minutes); such clots were unsusceptible to lysis by 
plasminogen activators and their sensitivity to lysis by 
plasmin was somewhat reduced (1). 

Thrombolytic assay with I-labeled human plasma clots 
was performed by draining the wash solution from a 
clot and then incubating the latter for 2 hours at 37° C im- 
mersed in 0.2 ml of the material to be tested for thrombo- 
lytic activity. The clot was then separated by filtration 
under air pressure (10 p.s.i.) using medium porosity fritted 
glass disks. An additional 2 ml of saline was passed 
through the filter to minimize loss. The radioactivity of 
the total filtrate was determined in a well-type scintilla- 
tion detector equipped with a pulse height analyzer. The 
emission of the isotope (0.364 MEV peak) was deter- 
mined utilizing a 5 v window. Overall radiation detec- 
tion efficiency under such circumstances was 25 per cent 


Low and 


5 Kindly supplied by Dr. J. Ruegsegger, Lederle Lab- 
oratories, Pearl River, N. Y. 
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Fic. 1. Lysis oF [-LABELED HUMAN PLASMA CLOTS 
AS A FUNCTION OF UROKINASE CONCENTRATION. The lysis 
of clots was linearly related to urokinase concentration 
over the range illustrated. The open circles indicate re- 
sults for urokinase in salin’ and the closed circles indicate 
urokinase added to aged human plasma. The intercept on 
the abscissa for both urokinase in saline and aged plasma 
indicates that the method is sensitive to the presence of 
less than 1 wg urokinase per ml. The differences of the 
slope and intercept of the lines for urokinase in saline 
and in aged plasma were consistent findings. 


and background was consistently in the range of 12 to 
25 cpm. The use of a pulse height analyzer was con- 
sidered essential since it afforded considerable increase 
of sample to background ratio making possible accurate 
detection of the low levels of radioactivity used in this 
The statistical error of counting was less than 
Thrombolytic activity was expressed as mi- 
Previous use of 


technique. 
2 per cent. 
crograms of fibrin lysed per 2 hours. 
I™-labeled clots revealed residual clot nitrogen content 
after partial lysis to be highly correlated with residual 
clot radioactivity (1). Thus the radioactivity of the fil- 
trate appeared to be a valid measure of clot lysis. 

The sensitivity of the I™ clot assay to a plasminogen ac- 
tivator, urokinase, is shown in Figure 1. The amount of 
fibrin lysed is linearly related to urokinase concentration 
over the range shown. Concentrations of urokinase in 
saline of 0.5 wg per ml and in aged plasma of 1 wg per ml 
resulted in significant lysis of the isotopically-labeled clots. 
The divergence between urokinase in saline and urokinase 
added to aged plasma was a consistent finding and pre- 
sumably reflects an inhibitory effect of plasma upon uroki- 
nase. The reproducibility of the method under condi- 
tions of thrombolytic activity such as are found in normal 
adults was 0.81 wg per 2 hours, as determined by the 
standard deviation of the difference between duplicate de- 
terminations upon 59 plasma samples (11). 

Plasma euglobulin clot lysis was determined as previ- 
ously described and the results expressed as units of 
activity (6). 
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Assays for plasma proteolytic activity were performed 
using the substrates, urea-denatured hemoglobin, as de- 
scribed by Anson (12) and casein, as previously de- 


scribed (1). 
Fibrinogen was determined by the method of Ratnoff 


and Menzie (13). 

Plasma samples were harvested from venous blood col- 
lected in oxalate tubes (4 mg potassium oxalate per ml 
of blood) and tested at once. Occasionally, samples were 
stored at 2° C for a short period prior to assay. In gen- 
erai, samples were obtained in the morning and in the 
fasting state. 


RESULTS 


1. Plasma thrombolytic activity of normal adults. 
Upon incubation of the isotopically-labeled clots in 
buffered saline, radioactivity was slowly released 
from the clots into the surrounding media. The 


range and mean of 134 control observations with 
buffered saline are shown in Figure 2, the mean re- 
lease of radioactivity being equivalent in amount 
to 2 yg fibrin lysed per 2 hours. Since protein and 
other plasma constituents might affect the rate of 
such release, advantage was taken of the lability 
of plasma thrombolytic activity (vide infra) in 
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Fic. 2. PLASMA THROMBOLYTIC ACTIVITY OF NORMAL 
AND ITS VARIATION FOLLOWING STRESS AND DRUG 
ADMINISTRATION. Figures in parentheses indicate the 
number of separate observations in each category. The 


range of observations for each category and its mean are 
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displayed. 
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that aged human plasma was used as a second 
control. The results of 126 such tests are illus- 
trated in Figure 2, the mean release of radioac- 
tivity being equivalent to 3.6 pg per 2 hours. 
Such control determinations were made daily. 

By comparison with saline, and especially with 
aged human plasma control values, it was possible 
to assess the thrombolytic activity of fresh plasma 
from 64 normal adults. The results are illustrated 
in Figure 2. The range was 2.7 to 8.1 and the 
mean 5.0 yg fibrin lysed per 2 hours. Although 
the range of observations on normal adults over- 
lapped that of both controls, the mean thrombolytic 
activity of normal adult plasma was significantly 
greater than either control (p< 0.001). These 
findings indicate that unaltered plasma obtained 
from normal individuals possesses the capacity to 
lyse fibrin® under these im vitro circumstances. 
Presumably such plasma manifests a similar ca- 
pacity under in vivo conditions. 

No sex difference was detected, the means for 
males and females being 4.9 and 5.2 wg per 2 hours, 
respectively. There was no correlation with age 
in the adult population studied. Thirteen paired 
morning and afternoon plasma samples provided 
no clear evidence of diurnal variation. Daily sam- 
pling in a small number of normal individuals dis- 
closed no striking fluctuations of plasma thrombo- 
lytic activity. 

II. Response to exercise and to emotional stress. 
Enhanced thrombolytic activity following exercise 
has been reported (6, 14) and the current study 
is confirmatory. The range and mean thrombo- 
lytic activity of plasma obtained from 16 healthy 
males following vigorous sustained exercise (play- 
ing basketball) are shown in Figure 2. Twelve of 
the 16 had plasma activity considerably in excess 
of normal, the mean being 7 times that for normal 
adults. Inappropriate timing of sample collection 
may have accounted for the failure to find increased 
plasma thrombolytic activity in 4 subjects. 

Emotional stress has been implicated as a stim- 
ulus of enhanced plasma thrombolytic activity 
(15). 


dents before 


6 Jn vivo thrombi and fibrinous deposits are invariably 
substantially contaminated with plasminogen (3) and the 
test system itself was likewise contaminated (see Methods 


Plasma samples were obtained from stu- 


and after an examination.  I[n- 


section ). 
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Fic. 3. CourRSE OF ENHANCED PLASMA THROMBOLYTIC 
ACTIVITY FOLLOWING ADMINISTRATION OF NICOTINIC ACID 
AND PYROGEN. Time relationships of plasma thrombolytic 
activity to the intravenous injection of nicotinic acid 
(open circles) and pyrogen (closed circles) are illustrated 
for two separate experiments. The rise in plasma throm- 
bolytic activity after nicotinic acid was abrupt and short- 
lived while that following pyrogen injection was delayed 
and of greater duration. 


creased plasma thrombolytic activity was found in 
2 of 4 subjects after the examination. 

III. Drug-induced changes in plasma thrombo- 
lytic activity. Of the several drugs known to in- 
duce increased plasma thrombolytic activity, ob- 
servations were made following administration of 
two, nicotinic acid’ (16) and Pyrexal® (17). 
Nicotinic acid was given intravenously in a dose of 
1 mg per kg and in all instances induced typical 
flushing. On 6 of 13 trials significantly increased 
thrombolytic activity resulted. The mean and 
range are shown in Figure 2. Pyrexal was given 
intravenously in a dose of 0.2 pg. Antipyretics 


7 Kindly supplied by Dr. R. Herting, Abbott Labora- 
tories, North Chicago, III. 

*’ A protein-free lipopolysaccharide with potent pyro- 
genicity prepared from the organism Salmonella abortus 
equii, kindly supplied by Dr. Schultze, Wander Company, 
Chicago, Il. 
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were administered prior to and concurrent with 
pyrogen administration and at times suppressed 
rigor and fever customarily associated with ad- 
ministration of this agent. Six of 8 individuals 
receiving pyrogen had increased thrombolytic 
activity (range and mean are depicted in Figure 
2). Rigor and fever were not essential for the 
response. Neither agent, alone or when added to 
plasma, altered control assay values. 

Typical responses to each of these agents are 
shown in Figure 3. The response to nicotinic acid 
is prompt but short-lived. With pyrogen the in- 
crease in activity followed a variable latent period 
and was of greater duration. The reason or rea- 
sons for the observed failures of both agents to 
induce increased activity in some patients and on 
some occasions is not known, but such failures 
have been reported (17, 18). 

IV. Plasma thrombolytic activity of hospitalized 
adults. Figure 4 illustrates the range and mean 
thrombolytic activity of 307 hospitalized adults. 
Determinations were for the most part on a single 
sample from each patient drawn at random times 
during the hospital stay. Daily fluctuations of ac- 
tivity, described earlier in healthy persons as small, 
may have influenced the findings but, as indicated 
by serial assays in some patients, the influence of 
this effect was probably unimportant. Only the 
major diagnosis or diagnoses were considered. 

The range and mean values noted in selected 
disease states are depicted in Figure 4. By com- 
parison with normal values it is apparent that in- 
creased plasma thrombolytic activity frequently 
was observed in association with hematologic 
malignancies,” liver disease and acute infections. 
Twenty-six, 33 and 25 per cent, respectively, of 
the patients in these categories had levels in excess 
of 95 per cent confidence limits (7.4 wg per 2 
hours) established from the data of normal adults. 
Isolated incidences of increased plasma thrombo- 
lytic activity were observed in patients suffering 
from sickle cell crisis, collagen diseases, myocardial 
infarction, cancer, diabetes mellitus, cerebral throm- 
bosis, polycythemia vera and amyloidosis. 

Decreased levels of plasma thrombolytic activity 
(of less certain meaning in the I'** clot assay than 
increased levels) were observed in patients suffer- 


“Including leukemia of varied cell type, lymphomas, 
Hodgkin’s disease, reticulum cell sarcoma and multiple 
myeloma. 
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Fic. 4. PLASMA THROMBOLYTIC ACTIVITY IN 


Malignancy Disease infection 


Athero- 
sclerosis 


(42) 


Heort 
Foilure 


(26) (21) 


Acute Concer 


(28) 
STATES. 


SELECTED DISEASE 


Figures in parentheses indicate the number of separate observations in each 
category. The range of observations for each category and its mean are 
displayed. The values for normal adults are shown for comparison. 


ing from a variety of disease states but most com- 
monly among those with cancer, congestive heart 
failure or atherosclerosis (Figure 4). 

V. Characterization of plasma thrombolytic ac- 
tivity. In order to define at least partially the na- 
ture of the observed thrombolytic activity of 
plasma, observations were made on plasma samples 
with respect to the following properties: a) de- 
pendence or. clot plasminogen content of the test 
system, 5) lability of the activity on storage, and 
c) the effect of e-aminocaproic acid. 

a) Dependence on clot plasminogen concentra- 
tion of the test system. Plasma thrombolytic ac- 
tivity was determined on isotopically-labeled plas- 
minogen-rich, plasminogen-poor, and plasminogen- 
free clots (see Methods section). Typical results 
appear in Table I. The thrombolytic activity was 
clearly a function of clot plasminogen content, be- 
ing greatest with plasminogen-rich clots, less with 
plasminogen-poor clots and not differing signifi- 
cantly from control values with plasminogen-free 
clots. Such dependence is characteristic of plas- 
minogen activators (1). 

b) Lability of the activity upon storage. The 
thrombolytic activity of plasma was moderately 


labile on storage. Serial assays revealed 50 per 
cent loss of activity in 1 to 3 days, which was more 
rapid the higher the temperature. Experiments 
with urokinase, a plasminogen activator, added to 
plasma, indicated loss of activity at a roughly simi- 
lar rate. Plasmin, however, was almost immedi- 
ately inactivated when added to plasma in other 
than large amounts, and when added in excess, a 
50 per cent loss of activity occurred during a pe- 
riod of a few hours. 


TABLE I 


Effect of varying clot plasminogen concentration upon the 
lysis of isotopically-labeled clots immersed 
in test plasma* 


I'3! clot assay: wg fibrin lysed/2 hrs 


Plasmino- Plasmino- 
gen-poor 
clot 


Plasmino- 
Plasma gen-rich 
sample clot 


—WNONEOO 


6 


* Clot lysis was a function of clot plasminogen concen- 
tration, being greatest with plasminogen-rich clots, inter- 
mediate with plasminogen-poor clots and at or near control 
assay values with plasminogen-free clots. 
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TABLE II 


Inhibition of thrombolytic activity by 
€-aminocaprotc acid 








Per cent inhibition by e-amino- 
caproic acid 


1077 M 





Specimen 10-*M 10-2 M 





81 
Plasma 2 : 85 
Plasma 3 80 
Urokinase : 85 
Human plasmin 86 


The results, expressed as per cent inhibition of the test 
system without e-amirocaproic acid, illustrate the similar 
inhibiting effect of e«aminocaproic acid on urokinase, a 
plasminogen activator, and on plasma thrombolytic ac- 
tivity; and the different effect of eaminocaproic acid on 
plasmin. 
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c) Effect of e-aminocaproic acid (19). Pre- 
sented in Table II are data indicating significant 
inhibition of plasma thrombolytic activity by 
e-aminocaproic acid at 10-* M concentration. Re- 
sults are expressed as per cent inhibition of the 
assay value in the system without e-aminocaproic 
acid. Urokinase was similarly inhibited. Plasmin, 
however, was not detectably inhibited by e-amino- 
caproic acid until a concentration of 10°? M was 
reached. 

Moreover, the independence of thrombolytic ac- 
tivity and plasma proteolytic activity was apparent 
as thrombolytic activity was increased in plasma 
samples devoid of proteolytic activity, as measured 
with the substrates, casein and urea-denatured he- 





Euglobulin 


T 


12 


Clot Lysis— Units Activity 


Fic. 5. CORRELATION BETWEEN THE TWO METHODS USED FOR THE DETERMINATION OF 
PLASMA THROMBOLYTIC ACTIVITY ; ISOTOPICALLY-LABELED HUMAN PLASMA CLOT LYSIS AND 


EUGLOBULIN CLOT LYSIS. 


The results of the I™ clot assay are plotted against values for 


the euglobulin clot lysis method. The shaded area represents the results on 192 plasma 
samples in which the euglobulin method gave results of less than 0.1 unit (see text). 


These values were excluded from the statistical calculations. 


The regression line (solid) 


is shown along with the residual variance about the regression line illustrated as 95 per 


cent confidence limits (broken lines). 
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moglobin. Conversely, increased plasma proteo- 
lytic activity was at times observed in the absence 
of enhanced thrombolytic activity. Variations in 
plasma thrombolytic activity were observed with- 
out changes in plasma fibrinogen, plasminogen 
or antiplasmin concentrations, confirming previous 
data (6). On occasion when plasminogen acti- 
vator concentrations were greatly increased, e.g., 
after drug administration, moderate falls of plasma 
plasminogen concentrations were recorded. 

VI. Correlation of the I'*'-labeled clot assay 
with plasma euglobulin clot lysis. The plasma eu- 
globulin clot lysis test has been frequently used as 
a measure of overall plasma “fibrinolytic” activity 
(6, 7) but more recently has been shown to be at 
least a qualitative measure of plasma activator con- 
centration (6). Consequently it was of interest 
to attempt to correlate the results of the euglobu- 
lin test with the I'*!-labeled clot lysis assay. Both 
determinations were made on 302 plasma samples 
drawn under a variety of circumstances. The plot 
The euglobulin 
clot lysis time was expressed in units of activity. 
Lysis times greater than 300 minutes (customarily 
expressed as “normal’’) were recorded as less than 
0.1 unit. 
jority of the samples, especially those in the range 


of results is shown in Figure 5. 


Such values were observed in a ma- 


of normal adults as determined by the I** clot 
In 110 instances the euglobulin technique 
resulted in values greater than 0.1 unit and it was 


method. 


from these samples that statistical evaluation was 


made. The correlation coefficient is 0.677 which is 
significant at the 0.001 level. 
for the correlation coefficient and the residual vari- 
ance about the regression line (illustrated as 95 per 


cent confidence limits in Figure 5) indicate that the 


However, the values 


correlation, although statistically significant, is 
noticeably imperfect so that individual paired 
readings may be markedly divergent. 

The significant although imprecise correlation 
between the isotopically-labeled human plasma clot 
assay and the plasma euglobulin clot lysis technique 
further validates the euglobulin method as a simply 
performed qualitative test for enhanced thrombo- 
lytic activity (6, 7). However, one of the sev- 
eral disadvantages of the euglobulin test is dem- 
onstrated in Figure 5 in which over half the read- 
ings positive for low levels of thrombolytic activity 
by the I***-labeled clot method were within the 
“normal limits” for the euglobulin test (6, 7). 
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DISCUSSION 


The method for measurement of thrombolytic 
activity used in this communication tests the ca- 
pability of freshly drawn unaltered plasma to lyse 
a preformed clot. It closely mimics conditions im 
vivo in which unaltered plasma will pass in contact 
with thrombi and other fibrinous deposits. Con- 
sequently, the present observations, especially in- 
sofar as they refer to the consistent finding of 
thrombolytic activity in plasma from normal adults, 
may be regarded as being physiologically relevant 
to in vivo thrombolytic mechanisms. 

Variations in levels of thrombolytic activity 
were demonstrated in health, following exercise, 
after drug administration, and in disease. Varia- 
tions in health were apparently small, but after 
exercise, high levels of thrombolytic activity were 
found, an observation confirming that of others (6, 
14). Similarly, the administration of nicotinic 
acid and pyrogens resulted in sharp rises in plasma 
thrombolytic activity (16, 17). 

The data presented pertaining to disease, al- 
though limited, serve to focus attention on certain 
disease states in which altered thrombolytic ac- 
tivity could be of significance. The instances of 
increased thrombolytic activity in patients with 
liver disease and hematologic malignancies con- 
firm previous reports (20-25) and the incidence 
suggests that increased thrombolytic activity in 
these states is more frequent than is commonly 
thought. Increased thrombolytic activity was pres- 
ent in some individuals with acute infections. 
Whether this is due to pyrexia and toxicity or is 
a part of the inflammatory response per se is un- 
known. 

The suggestion of diminished thrombolytic ac- 
tivity in some patients suffering from cancer and 
congestive heart failure is noteworthy in that uro- 
kinase is excreted in diminished quantity in these 
conditions (26). Decreased thrombolytic ac- 
tivity could relate to the frequent thromboem- 
bolic complications of these states. 

The evidence presented suggests that the throm- 
bolytic activity of plasma from normal adults and 
from individuals with disease is due primarily to 
the presence of plasminogen activator. Two po- 
tential thrombolytic agents, plasmin and plasmi- 
nogen activator (exemplified by urokinase) which 
could account for the observed activity, were com- 
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pared with plasma thrombolytic activity in terms 
of three different characteristics. In all three re- 
spects, dependence on clot plasminogen content, 
lability on storage, and inhibition by «¢-amino- 
caproic acid in 10* M concentration, plasma 
thrombolytic activity resembles plasminogen ac- 
tivator. Thus the present data both confirm and 
extend to other areas recent work on in vivo and in 
vitro thrombolytic mechanisms (1, 27) indicating 
the critical role of plasminogen activator in 
thrombolysis. 

The significance of the present observations lies 
in the provision of direct experimental data in a 
region in which the evidence has, for technical 
reasons, been largely inferential. Hitherto, low 
levels of thrombolytic activity could only be as- 
sayed by indirect techniques that disturbed the 
balance of plasminogen system components in 
plasma and consequently the interpretation of such 
assays was uncertain (3). The present method 
for assay of thrombolytic activity is direct, em- 
ploys unaltered plasma, is sufficiently sensitive for 
detection of low levels of activity, and the interpre- 
tation of results is unambiguous. Consequently, 
the finding that plasma of normal individuals 
possesses demonstrable thrombolytic activity un- 
der these test conditions would seem to be of con- 
siderable significance in the elucidation of in vivo 
thrombolytic phenomena. In the past it has been 
suggested that the plasminogen-plasmin system 
may be in a state of dynamic activity (28, 29) and 
the present evidence, obtained with acceptable tech- 
nical procedures, provides strong support for this 
contention. 

The demonstration that increased plasma ac- 
tivator concentrations may exist without detectable 
change in plasma fibrinogen, plasminogen or anti- 
plasmin (6) suggests either that plasma contains 
an inhibitor to plasminogen activator or that 
plasma activator, because of physicochemical con- 
ditions, acts preferentially to activate thrombus 
plasminogen rather than plasma _ plasminogen. 
The evidence is, however, no more than suggestive 
and work on this problem has been scanty (3). 

It is of incidental interest that levels of plasma 
thrombolytic activity may be increased several 
hundredfold over those found in health by the 
intravenous infusion of purified plasminogen ac- 
tivator (27), a procedure used for therapeutic 
purposes (30). 


SUMMARY 


A sensitive measure of plasma thrombolytic ac- 
tivity has been described which involves deter- 
mination of the release of radioactivity from iso- 
topically-labeled human plasma clots immersed in 


unaltered plasma. 

Using the isotopic clot assay, thrombolytic ac- 
tivity was determined in plasma from healthy 
adults, from adults following stress and follow- 
ing the administration of drugs, and from individu- 
als with disease. 

The results indicate that plasma from normal 
adults contains a plasminogen activator capable of 
lysing human plasma clots under conditions simi- 
lar to those in vivo and that the quantity of this 
material varies in response to stress and drug ad- 
ministration and in disease. 
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Although it has been clearly demonstrated that 
the output of free fatty acid from adipose tissue 
is enhanced by fasting and reduced by giving car- 
bohydrate (1-3), the mechanism by which nutri- 
tional alteration affects the release of fatty acids 
from fat depots has not been defined. The reduc- 
tion in lipoprotein lipase activity of adipose tissue 
that occurs with fasting (4) suggests that mecha- 
nisms other than appropriate change in the activity 
of this enzyme causes the increased release of fatty 
acids from fat tissue that occurs with fasting. Ex- 
periments were performed to determine whether 
alterations in the esterifying function contributed 
to the regulation of fatty acid output. Observa- 
tions were made on the net change of free fatty 
acids during incubation of rat epididymal fat, and 
on the effect of glucose and insulin on this change 
and on the disposition of fatty acids added to the 
medium. 


METHODS 


Pieces of epididymal fat, usually weighing 80 to 100 
mg, were removed from rats anesthetized with sodium 
pentobarbital, and placed in 1.0 to 1.2 ml of medium in 25 
ml Erlenmeyer flasks. The tissue was incubated at 37° C 
in a Dubnoff shaker with air as the gas phase. The in- 
cubation medium (unless specified otherwise) was Krebs- 
Ringer phosphate buffer containing 5 per cent human 
albumin. The albumin had been thoroughly pre-extracted 
with heptane: isopropyl alcohol:1 N_ sulfuric acid 
(10:40:1), redissolved and brought to pH 7.4 with 
NaOH. 
amount of acid in the adipose tissue at the start of incu- 
bation, one piece of fat was immediately weighed and 
ground in the extracting fluid. In all studies of pre- and 
postincubation values, and of the influence of various fac- 
tors during incubation, multiple pieces of fat from the 
same animals were compared. When oleic acid was 
added to the medium the desired amount of a 0.1 M 


In some experiments, in order to determine the 


* This study was supported by Grants A-1567 and 
A-612 from the National Institutes of Health, Bethesda, 
Md. 

+ Medical Research Fellow, National Research Coun- 
cil, Canada. 


solution of near-neutral sodium oleate was used. Fatty 


acids were extracted and titrated according to the method 
of Dole (1). The terms free fatty acid and fatty acid 
are used interchangeably in this paper and are synono- 
mous with nonesterified fatty acid (NEFA) and un- 
esterified fatty acid (UFA). 


RESULTS 


Net change of free fatty acid during incubation 
of adipose tissue from fasted and fed animals. 
It has been shown that adipose tissue from fasted 
rats releases more free fatty acid into the surround- 
ing medium during incubation than does tissue 
from fed animals ard that gluose and insulin de- 
crease the release of acid from fasting tissue (5). 
To study this phenomenon in more detail, the net 
change of free fatty acids during incubation was 
determined by comparing the fatty acid content of 
the tissue at the time of excision with the total 
amount in tissue and medium following incubation. 

The accurate determination of net change of 
fatty acid during a period of incubation requires 
that the acid content of multiple pieces of fat from 
the same animal be reasonably constant when the 
various pieces are treated in a similar fashion. 
Table I shows the uniformity of the fatty acid con- 
tent at the time of excision of multiple samples 
from the same animal. Similar constancy was 
noted when the combined values of tissue and me- 


TABLE I 


Content of unesterified fatty acid in several pieces of 
epididymal adipose tissue excised from 
the same animal 


Nutritional 
state 


Fatty acids in different pieces 
of adipose tissue 


wEQq/e 

Fasted 176. 135 12.4 
(20 hrs) 

Fasted 3 8.1 7.0 
(20 hrs) 

Fed : S. 3.3 

Fed 3. t $2 
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TABLE II 


Net change in unesterified fatty acids during three hour incu- 
bation of epididymal adipose tissue from fasted and 
fed rats in Krebs-Ringer phosphate buffer 


containing 5 per cent albumin* 


Net 
change 


Final 
value 


Initial 
value 


Nutritional 
state 


uEq/e 
+2.7 
+1.7 
+2.6 
—0.8 
—1.2 


ug/g uEg/g 


em wm mS © 
Owe 


t 
wn 


Average 


=~ 
=) 


Fasted 
(18-20 hrs) 


BS OS NNN ON 
woumnoeworm © 

OHNO Oh Coe 

NRK HMw OO WMNOND 


— 


~ 
an 

oS 
_ 


Average 


* The initial value was obtained by extraction and titra- 
tion of the tissue at the time of excision and the final value 
from the extraction and titration of medium and tissue 
together at the end of incubation. 


dium were determined following incubation of 
multiple samples from the same animal. 

Although the fatty acid content of tissue and 
medium following incubation was greater when 
fasted tissue was incubated than when fed tissue 


TABLE 


S. RABEN AND C. H. HOLLENBERG 


was used, the initial fatty acid content of tissues 
from fasted (18 to 24 hours) rats was also con- 
sistently greater than that of tissues from fed rats, 
and therefore the net change during the incuba- 
tion did not differ as much between fed and fasted 
tissues as would be inferred from the final value 
alone. With both types of tissue, the net change 
varied markedly, both production and loss of fatty 
acids being noted with tissues from both fasted 
and fed animals (Table Il). The data in Table II 
suggest that the lower the initial value the greater 
the likelihood of production of fatty acids during 
incubation with both fasted and fed tissue. The 
fasted tissue, however, produced acid at initial con- 
centrations of acid which would have resulted in 
loss of acid with fed tissue. 

The presence or absence of albumin influenced 
the change in fatty acids during incubation. In 
general, it seemed from the individual changes that 
when production of fatty acids occurred during 
incubation, the magnitude of this production was 
greater with albumin in the medium; when a loss 
of acid occurred, albumin restricted the extent of 
this loss. This effect of albumin is probably at- 
tributable to its strong affinity for fatty acid. 
When acid was being produced, the albumin prob- 
ably served to facilitate the transfer of fatty acid 
from tissue to medium, thereby preventing accumu- 
lation of acid in the tissue and thus promoting fur- 


ther production of acid. When esterification of 


Ill 


Loss of titratable fatty acid due to glucose and insulin during three-hour incubation of 
adipose tissue in Krebs-Ringer phosphate buffer* 


Glucose 
200 mg/ 
100 ml 
Insulin 
10mU 


5 Average 
final 
value 


Average 
initial 
value 


S) € 
Albumin 
in medium 


uEq/zg uEq/g 


12 


— 
ris 


Change during incubation 
Individual rats 


Rat Rat 


Average 2 no. 3 


+0. : —1.2 
5. 2.2 +1.9 
Bi 4.3 —6.8 
Rat Rat 

no. 4 no. 6 


3, —2.3 
—7.! —7.9 
<a; —0.4 
—7. —8.4 


+-0.6 
—5.7 
+4.9 
—5.2 


—9.1 
—5.0 
—8.5 


* Rats were fasted 18 to 20 hours. Initial and final values were obtained as in Table II. The postincubation 


values in this and in other tables were calculated using the final weights of the fat. 


The values would be approximately 


20 per cent higher if calculated from initial weights since the weight of the tissue increased during incubation. 
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rABLE IV 


Effect of glucose and insulin on the disposition of oleic acid added to the medium * 


Fatty acid 
in adipose 
tissue after 
incubation 


Fatty acid 
lost from 
medium 


Disappeared 
during 
Glucose Insulin incubation 
ug/g 
15.4 
13.6 
21.9 
33.6 


wEq/eg 
36.4 
41.3 
37.2 
46.5 


mg/100 ml mU 
0 0 

0 100 
400 0 

400 100 


0 0 31.2 —0.6 
0 | 36.6 i —3.0 
200 0 29. ‘ 2.4 
200 . 18.3 29.7 


0 : 26.1 3. 
0 1 5. 25.9 —0. 
100 6 fe 24.9 3. 
100 39. 15.0 24. 


* Adipose tissue from fed rats was incubated for three hours in 1.0 to 1.2 ml Krebs-Ringer phosphate buffer con- 
taining 5 per cent albumin and 10 wEq sodium oleate. Mean values are presented. 


acid was occurring, that portion of the acid content 
of the tissue which rapidly entered the medium and 
was bound by albumin may have been relatively 
This 


view is consistent with the results of an experi- 


unavailable for esterification in the tissue. 


ment in which fat from three hypophysectomized 
animals was incubated in Krebs-Ringer phosphate 
buffer with 5 per cent albumin pretreated to re- 
move fatty acids. After 20 minutes of incubation 
the fatty acid content of the tissue averaged 3.1 wEq 
per g and that of the medium 2.7 pEq per g of 


in the fatty acid content of the tissue to 1.1 pEq 
per g, there was no further change in the fatty 
acid content of the medium. 

Effect of glucose and insulin on the net change 
of fatty acids. When adipose tissue from rats 
fasted 18 to 24 hours was incubated with glucose 
and insulin in the medium there was regularly a 
decrease of fatty acids during incubation (Table 
IIT). 


pected to increase the catabolism of fatty acids, 


Since glucose and insulin would not be ex- 


the increased loss of acid was thought to result 


tissue. At the end of three hours, despite a fall from enhanced esterification. This interpretation 


TABLE V 
Effect of increasing amounts of insulin on disposition of oleic acid by rat epididymal adipose tissue * 
Fatty acid 
in adipose 


tissue after 
incubation 


Fatty acid 
lost from 
medium 


Disappeared 
during 
incubation 


Nutritional No. of 
state rats Glucose Insulin 
mg/100 ml mU nEgq/e pEg/e 

100 0 40 16 

Fasted 100 0.003 31.5 sa 13 

(18 hrs) 100 0.03 54.5 r 41 
100 0.3 42 34.8 


100 0 
100 0.003 
100 0.03 
100 0.3 


1 


m— Ghost 


0. 
8. 
6. 
2 


100 0 
Fasted 100 0.003 
(18 hrs) 100 0.03 
100 0.3 


11.4 
18.1 
15.6 
31 


mun 
bho We dO 
— mmo 


* The glucose concentration was kept constant. Incubations were carried out for two hours in 1.0 to 1.2 ml Krebs- 
Ringer phosphate buffer containing 5 per cent albumin and 10 wEq sodium oleate. 
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Unesterified Acid 
in Adipose Tissue 


Microequiv. /g 


Glucose mg % 
Insulin ~ Milliunits 


Loss of Fatty Acids 
During incubation 


Microequiv. /g 





Fic. 1. EFFECT OF GLUCOSE AND INSULIN ON THE DIS- 
POSITION OF OLEIC ACID (10 wEQ) ADDED TO THE MEDIUM. 
Adipose tissue from hypophysectomized rats was incu- 
bated for 1.5 hours in the middle experiment and for 3 
hours in the other two experiments. The upper bars in- 
dicate the amount of fatty acid in the adipose tissue after 
incubation; the lower bars indicate the amount of acid 
disappearing during the incubation. 


was supported by experiments in which the effect 
was magnified by the addition of fatty acid to the 
medium. 

After incubation of tissue in 1.0 ml of Krebs- 
Ringer phosphate containing 5 per cent albumin 
and 10 »Eq oleic acid, the concentrations of fatty 
acids in the tissue and in the medium were deter- 
mined separately and the amount which left the 
medium and the amount of acid unaccounted for in 
either medium or tissue were calculated. The con- 
centration of acid in the tissue at the end of incu- 
bation was three or four times that in the medium 
and there was usualiy a disappearance of some 
acid (Table IV). The acid content of the tissue 
at the start of incubation was not included in the 
calculation and the amount unaccounted for was 
therefore actually greater than was estimated. 
The effect of glucose and insulin was to decrease 
the concentration of free acid in the tissue and to 
increase the loss of acid during incubation (Tables 
IV and V and Figure 1). The amount of acid 
transferred from medium to tissue was regularly 
increased only with the larger amounts of glu- 
cose and insulin, when the promotion of esterifica- 
tion and the consequent fall in tissue content of 
acid was sufficient to hasten the transfer of acid 
from medium to tissue. Glucose alone in adequate 
concentrations promoted esterification. The ef- 
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fect of insulin was seen in the presence of glucose 
and occurred with as little as 30 »U (Table V and 
Figure 1). 


DISCUSSION 


The determination of net changes of free acids 
provides information which cannot be inferred 
from studying the disposition of labeled fatty acid 
because of the likelihood of exchange reactions be- 
tween triglyceride fatty acid and free acid in the 
presence of lipoprotein lipase (6). In these stud- 
ies a net disappearance of naturally-occurring 
fatty acid was promoted in incubating adipose tis- 
sue by glucose and insulin, and the loss was still 
greater when more fatty acid was added. The re- 
sults imply that the metabolism of carbohydrate 
may restrict the output of free fatty acids by adi- 
pose tissue by promoting esterification and thus 
limiting the accumulation of free acid within the 
tissue. This would permit a reduction of out- 


put of fatty acids without diminished lipoly- 
sis of triglycerides. If the release of fatty acids is 
also influenced by alterations in lipolytic activity, 
it would appear to be by means other than changes 


in lipoprotein lipase, since fasting adipose tissue 
has less lipoprotein lipase activity than has fed, 
and since glucose and insulin prevent the decrease 
of lipase activity which otherwise occurs during 
incubation (4). The results observed here agree 
with the suggestion of Shapiro, Chowers and 
Rose (7) that adipose tissue from fed, and es- 
pecially from re-fed, rats esterifies fatty acids 
more readily than does tissue from fasted animals. 
In view of the report by Hirsch, Lossow and 
Chaikoff (8) that glucose stimulated the esterifica- 
tion of fatty acids by slices of rat mammary gland, 
it is possible that carbohydrate metabolism pro- 
motes esterification of fatty acids in a number of 
tissues and thus restricts the metabolism of fat 
both by decreasing the output of fatty acids by adi- 
pose tissue and by favoring storage rather than 
use of the available acids in other tissues. 


SUMMARY 


Glucose alone or insulin in the presence of glu- 
cose caused a loss of naturally-occurring free fatty 
acids during incubation of rat epididymal adipose 
tissue and caused the disappearance of still greater 
amounts of acid when oleic acid was added to the 





FATTY ACIDS IN 


medium. 
appeared to promote the esterification of fatty 


The metabolism of carbohydrate thus 


acids in adipose tissue and this effect may ex- 
plain the reduced mobilization of fatty acids which 
occurs in vivo when carbohydrate is available. 
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